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PREFACE

This survey of the state-of-the-art cf the
desimn of grournd-crawi.ng, cff-rosd venicles wss cone
ducted by Wilsoa, Nuttsll, Rsimond Eaginsers, Inc, {(WeRE),
under contract DA 22-079-emg-392 with the U. S,

Arsy Engineer ¥Watervavs Experiment Ststioa (¥WES),
It comprises & portiom of the aobjility eaviroxmeatsl
ressarch study (MERS), sponsored by the Cffice,
Secretary ¢ Ctfeuss, Advanced Resqarch

Projects aAgency (ARPA}, Directorste of Remote Area
Coaflict, for waich WES is the prise comtrsctor,
8nd the . 5. Army Xatsrisl Command (AMC) is the
service agent. Ths funds smployed for tiis study
were allocatad to WES through AMC, undsy *XPA
Order Mo, 4C0. Tho overall object of the MERS
project was to focus the results of the ground
Bobilily and vekicle-terrais rssesrcd of the pre-
ceding 20 years upom tle prodlems of rstionally
dosigning and/or selscting proper off-roaé vehicles
for military use ia remote s-was, particularly ia
ths tropics snd sudtropics.

Project MERS was seversly trumcated after cxe
*ar of s planned three-year effort, lesdiag
isdirectiy to an uscomsciomadie delay ia the com-
pistion ~f this repert. Altdougy the priscipsl
findings o7 this study were commmicated earlier
{MXE, 1964, 196i],® the present 2yathesis vas

aot, aer ceuld {2 have beem.

The period of delay has seen the escalatiom of
the U. 3. rels im Sewtheast Asis from providiag
sdvice 1o the comduct of extessive lamd warfare
¥y 2. S, troops. The experiemce of sctusl say,

“References are tadulated degianiag ow p. 2%).
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hovever remote, has {nfluenced the present synt=g-

sis, a3 no doubt it has the concepts of aothers
intsrested in off-rcad vehicle precblems. The
drasatic practical demonsiraticn of sir-mozile
eperations on the cne hand and of the patent
{nadequacy of our cuirent family of ground-bound
vehicles oa the other, has drast.cally altered
the climate within which ground-crawling vehicle
probleas must be tackled. The suthor sakes no
spology for his sccidental good fortune in haviag
beer sparea making Mis addivion to the comsidi.adle
inaccurste speculation already published oa these
crucial peints, and »n many others.

The conduct of this study, which in fact
concinued until the preseat, iavolved the review
of many hundreds of published reports coveriag the
spectrm of terrain, vehicle, aad operstions
festures, and discussions sad correspondencs with
severa]l hundred knowledgeable pecple around the
worid. The suthor’s sppreciatiom for their
various coatridutions and influencss csa here oaly
be acknowledged in genorsl terms. However, the
entirely tangidle support and sssistance of MERS/WES

project persomnel, A, A, Rulas, R, D, Wismer, and
R. R. Fries:, can be and sre specifically snd
gratzfully noted.
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Tre osfect of thNis study is to cutlize smd t>
evaluale N0 cuTreat state-cf-*Se-art of off-rosd
vehicle Ceriges, with particular reference te
Eillitaty veuicles and to their porformsace off-roasd
A steve-of-tze-srt study gsnerslily iaplies some
dlssstinfection vith t'ie existing fitustion, emd
that is tre ~resent cuss. Ac-ortisgly, 8 further
chject of tSy study ft to review the gonerel pro-
edures by which military vedicles for off-road use ars
camcoived and eventuslly reach the field, znd tn
juggest means, technicel sad/or orgamiastiomsl, to
improve mgttory,

.
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The state-cf-the-art cf off-road vehicle
design, in particulsr relaticn to the off-rosd
performece of military vehicles, is basizsilly
sound, althcugh the approsch to off-,0ad perform-
ance has thus far bdeen largely pragmstic. Ia
recint years there has teer gteady i{mprovesent In
the overall motility snd/or reliahility of all
clas;es of military off-road vehicles.

Recent impioveament in the soft ground sobjlity

of tactical trucks has been sudstantial. The prr-
forsance of tactical trucks now egusls or exceeds
that of similar foreign military vehicles and of
comsercial vheeled vehicles, excepting only such
extreme special purpose machines es marsh buggies.
Somw possibilities to raise soft-ground »~dilfity
to still another significantly higher level in
practical, vorking vehicles are evideat and, in
part, already under study.

The relisbility and cversll off road per-
formance of tracked vehicles have alse progressed
significantly, bdut the basic soft-ground sobility
of various classes has, spparentlrv oy choice,
renained strtic. A mumber of working, commercial
tracked vehicles, some srticulated on various
patterns, have demonstrated porsibilities for
significantly improving off-road sobility, aad
soft-ground performance in particular, deyond
present military levels within a praciical
enginesring, cperational and economic eavelope.

—_——
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ligwerer, tha toral ceat (la wearisus coins, of
which tie dollar 13 caly cne) “as been j:dgod
excassive in relatiza to the merferwance wmei!

recently theught tc be raquired of cur nresent
tracked vehicle family,

— . - e

The tschnolegy cf terrsin-vehicle relation-
ships -- and soft-ground performsnce in particu-
lar -+ has clucidated the fundamentsl reiationshipe
involved, and has clsarly demcnstrated that sajor
improvemsnts necessar'ly involve major changes in vehicle

form (one of the "cosis™ referred to above): that

} there are no cheso answers, The basic level of

) off-road mob1lity ¢f 8 new vehicle is scgerdingly
frozen st that early point in its conception whea
its overall comfiguration is determined, and tiere
ig little positive that subsequent tinkering can
accomplish, Largely for this reason, use of tte
availatle terrain-vehicle tscknoclogy has been
limited largeiy tc preliminary concept snd design studies,
where it is in fact acst sppreoriste in the dasisa
process. Uafortunately, the further basic message
of the technology, that the level of a vehicle's
ground-lcading 1s indead the aost 1-portunt single
factor {3 its soft-grouad cperatiom, .s\anorall'
ignored. Itww vehicle after new vehicle exceeds 1ts
"designed™ empty weight Ly up to SO perceat or more,

withoue chemze in its 422igncd run..«ne jear, aae

with no persom, orgamization, committies cr
consortium of comaittees being called to sccomt.

v et e
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Use of the avsilable caiculatica wmethods isx
such early stages of desiga, but ia mo respomsidle ‘
way ‘1 relatiom to the finsl "hardwars” product, ‘

has had tvo isportant, rslated comsequencss to tie
rescarch effort,
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Fazst, the intriasic corractness and precision of
models and cslculations (as distinct from tleir
& velidity ia sssessiag vrelative orders of merit of
cospeting design ccncepts) Asve not deem gubject
to the searching scrutiny whic* would sutomaticsily
» ] come with their use, for exzaple, in relatica to ®
sctual, testsble performance specificatioxs. This,
ia turn, has sllowrd s number of spproximste
g , concepts and incomplete and/or impreciss models to
> continue past their normal useful life, and has left
» f the engineering research eoffort in s vacuum whers ®
- it is encourzged to shsdowboi with problems of its

PN

own invention. JTonsidersble research has receatly

been started on vehicle off-road "ride,” obstacle,

and vegetation prodless which sims at such kigher

precision than can reasonably be of use %o the °
vehicle dezigner. From s vehicle design view-

point, s fundamental reevaluation of the curreat

soft-ground technology, sised at validsting s

_ single set of soil values and vehicle-soil models,

] o { . is still needed. ®

The situation is not fundamentally a tech-
zical one, or one which should concern terrsian-
vehicle researchers only, however. It is only ome
sysptom of lsck of proper organizstion and method
in the overall lilitnr} vehicle design system,
from requiresents to release for productioca. The
current, cosmitise-ridden process is characterized
by a comingling of research snd design, lack of
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foh divisicn aloae sound professionsl and fo

X el lines, 3~d partly as & roesult, lack of te- ;
! performance srecificstions, In consequence, «

are RO clodr linegs cf responsidility for veric.

° ¢ sspects of the success of the fiaal preduct.

Our carrent fsmily of military vehicles M2
been “cptimized” -- slbeit by informsl procelur-y sad
s perhaps without full resifizatice of the geegrs;kic
restrictions implicit -- for s cenceivavle way {a
® ] Europe or Rurth America. The disccrvery trat it iy
30 far from cptimum for cther lsrge areas which now

concern us .- the trecoizs aad sudtrovics, and under
developed areas generallv -- has rrecipitated ¢ " rvound

P

mobility crisis.,™ Ia the best American traajtioa, ]
; we are looking for s villain, end psst terraia-

r vehiclie resesrch has been nominsted, The results

of this resesrch rurely have their shortcomings,

but they mave ~learly and consisrently shown thsi

off-rosd sobility {s 8 function of dasic vehicle »

configuratiop end chsracter:siics, and tha? :apreve-

ment over present levels cannot be had witbrux signif-

! icant readjustasents in currently accepted balances

totveen conflicting desires for other festures,

inportant and trivial., These fimdings closely ’

parsllel the fumdsmental findings in ship =nd sir-

craft psrformamcs resesrch over the years., VWoerers

these other "mobility” fields Lave accepted t3e

implications of such results, is rsistion to ground-

crawling sachines tkey have beea unpsiatable, tkse I |

research effort nas been cosdemmed, and the decisien !

takea, with or without full systems amalysis, tlst

carrest ccmpromises are optimum for the situatios at Mand

= implicitly, operstioms (comvemticmal?) is

developed, temperste laads. ]
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The crists atsosdnrere has fostered consider-
able nonsense adout Tsrecial purpose” vehicles,
This Eas wasted time 2nd obscured thre
resl prodlem, which {3 ta cre te & nev ground vedicle
system. cptimized for s nev range of sigrificantly
BOre severy envircrmental conditions; 8 seeond family
of vehicles, not iatended tec supplaat current vekicles,
OoF even to cospete with thes ia their own sress of opti-
ajtation, but rather to operate as am integrated systes
in drosd sreas whare our current family is largely
izpotent. If we are serious about daveloping the
capadbility for effective ground cperations in these
other aress, we must stop looking for cheszp, gadzety
answvers. We must recognize that s collecticn of toys
and assorted special purpose oddities will not do
the jcb; that what i3 needed i3 s howogeneous jecond
family of pracsical, flexidle, veliasble, military
quality, working vehicles specificsally designed
to cperate where our present family will not.
And 1f the basic prodles is as pressing as the
crisis atmosphere would indicate, we must crests
the first generstion of this family far more quickly
than we have -- by trial and error -- arrived st
ouT currest optimum "turopesa family.”

This means * 2t design wust begin now, within
the present state-of-the-art, and with the kind of
urgency whick had the first, still imperfe-t,
second sersion of the WWII Weasel ia the hands of
the troops within 13 months from the time the need
fer a wvehicle of this (them) radicsl new type vas
first suggested. Preient technology would sde-
quately support such zn effort. Preseat peace-fat
orgaaizational procedurts would net.

From the viewpoint of availadle tecimolegy,
there wveuld de little question of essential design
priorities. The overriding desigm object

—
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fasscazanly would be to gain enm ordrr of magritade
increase iz o2ff-read acdility, Currently sccspted
cost versus performaance dreak-evem %ointy would sil
have to be relocsted te &3 catitely new level,
Presoat knowledge would permit & “first-cut™ at s
systems anslysis 0 aid this relocatios, 7iis, asd
many other aipects of sn idasl design procedure,
wvould 8l this time necssserily iaciude many
“educated guesses™ slongaride indisputadle dats or
models, and the resultiag Zirst gemeration would
act be fully ¢ptimm, It would, however, relisdly
do most of the jobs which psed doing, ia vast

aress vhere our currest growuad-crswilag sachises
cannst now cperste effectively.

Terrain-vehicle, eavironmental, and operationsl
research results would all play their part ia suwch
s davelopment, but clesrly none cowld prosestly
ansvrer sll tie qusstioms that vould wamt aasvers,
Hovever, haviag cuce oees arled the riglt gquestioms
within the frimework of s ree! and pressiag prow-
lem, snd subssquently hownded dy “fsedback” from
unforeseen field experisaces, sll rslated resesrch
effor:s would theresfter, and slmos: zutomstically,
be put upor wvslid, fruitful psths, sising towsrd
a8 truly scieatific systems amalysis for tde more
sccurats cptimizatios of a furtder gwmarstica wiich
would isevitadly follow,

The second family questiom netviilstamdiag, the

curreat state-eof-the-ert of design of military vedicles
ts foadsmestally weskest in the messmdering ergzaizatiomal

precess by which a field requiremmnt sventwelly
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) . ] becomes & velicles resdy for predactien. TA{s
situstion exists whether er not the preblem s te
< : develop a aev “secoad {eaily” of vesicies, the sext
gonerstioa of the curreat Luropesa family, or &
i_ singis specisl machine., Ia every case, stresgtiss-
) ( ing this procecdure i3 essential te timely pregress,

including the eccelersted geserstion of vslid,
Tesponsible terrains-vehicle resesrch resuits,

: Ia relation to ground-craviing vehicles, the
objects of amy slteraticn to present design sad
develcpment procedures mmst be to veduce thy time
required to respond to 8 valid field requireweat,
and %2 imsure tlat the hardware delivered does
indesd 2eet 1t. Tsseatial elements iz a werkiag
system, lack..g ia the preseat process, ars

- -
- -
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, 1) clear ssparatios of resesrch wad develep-
sest activities from the "requirements” desigs
1ipe; i.0., & vebicle davelopmeat sheulé net
de undertakom ia this line unless the cowplete
requirement, properly stated ia qoanti-

tative eagineering terss, {s vitais cwrreat
sad realistically prejected techkmolegy:

3) éivisiem of the werk ¢f the requiremsats
1ine aleag seund professicail iad fumzeiemal
‘ 1im9s with defiaadle iantsrisces; f.e,,

' operatiomal saslysts sheuld net desipgm
vehicles, design sngiasers sheuld net Rav?
te decame geegrzphers, otc.; sad

4
i
} 3} assigament of definadle respemsibility
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¢ r% te ssch fuactiema. group with seeas te
- eveinate esch growp's performsmce.
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(e simple ané scwsvast cdOvieous orgemigstiomsl
scheme which might mevt ts bdasic requifesents |3
disgremed hereia in elemeatal form (Fig 13%). It §il.s-
trates 2 astursl relsticaship in vehicle develovment
between Jesign for requirewenis, toerts.n-perforxaxcs
RRD and "ides vehicles,” amd ccmponent jJevelopment,
snd proposexw a clear division of responsidility sicag
fuactionsl aad professioaal lises., It wowlid aet
require s sveeping reerganization of the Arer, er eof
its general development procesdures. Rither, the pra-
posed schems closely watches the currsat Arwy RAD
organization, It envisions oaly certaism simple But
fundaxants]l changes to assign clesr respensidilities
te variocus erganitstioanl elesents, and in the
process te limit the baleful iafluence of inter-
erganizastional committes irrespoasibilicy.

The first division propcsed is te pliace respensi:
bility for quantitative, fuactions] wehicle specifi-

cations (omly) entirely vith as operstionsl amalysis
group (pesasps wiilia {sbst Developmeat Commend {L0C!)
who, ia relation to off-road performsace, would be required
te providy, and be sccountsble for the sdequacy of,
testable off-rosd performaace specificatiens. In

the off-rosd design coatext, sll eavirommental

resesrch would accordingly becoms of istarest

primarily to ‘\is growp. Thiz grewp would slse de
charged vith setting forth a sin{aum set of design
cemstraints from other coasiderstions im funetienel
fors omly.

The vehicle developsent ageacy, Arzy Materiei Commazd
(NIC), wowld bave sele respensidility fer meeti-g ia &a
eptimua mechanical cenfigurstiea tis testsdle perforsaace
specificastions wvithia the given csmstraiats, eor
for rejecting the jeb st the eutsst as beyead
curreat techaclegy. Terraia-wehicls resesrch

11
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wvould sccordiagiy be comductod largely ia suppert
of the mechanical desiga effort,

Off-roed performance testing wewld be con-
ducted at two distinct levels, az now (Ta2st and
Bvalosticn Cowmand [TECOKY). The first would te
cuonducted satirely in reistion to the testsdle
performance snecifications, asd would detarmine
whather or not these had been set dy the design
saetcy. These testy would automsticallv check the
valldity and accurscy of th2 terrdia-vehicle reles-
tionships used in the desten. [f the {irst rowand of
tests slowed the vehicle to de satiifsctory, it
veuld precesd to ethet sagineering tests of prissry

inportance and to fleld tests -- glong with tAe
operatiocel doetrine witdin whiek the teetadis

porforesnse speeifioations vere eonocived. TH0
field tests would be comducted according ta the
supporting doctrins and vould determine vhethsr or
not the vekiele end doetrins met the o-igiral
functions]l requireseat. Ia the process, the fleld
tests would check the validity sad sccuracy of the
terraia and operational medels used.

Ssch a system could be expected te previde
faster snd mere respeasidle respease te sany fleld
requirements for vehicles by separstiag RAD from
the specific 7equiremsmts design liae, sad by
estadlishing guamtitative specifications waich
1imit the powsr of acress-the-board committess of
chaaging personsel to meddle comstaatly vith the
werk ia pregrssa, It weuid also ferce the
supperting resaarch on operations, om terreia-
vehicls relaticaships, sad ¢a tie suvirmmmest,
te operi e ia real tino ok resl predisas sad te
ceme uy with cusl saswers,

12
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TR e Dagisaing thers wis ¥IUD,  Ls aeler
obfect cf t2e MRS sruuy wes 19 g:ii Tsgelser
£ad TXETe S8R RATY Sxtlend, Bore 334 Luwetly yedry
8 fesesrch Sn groucnd woeblity A tEPTEAl cYELILaK
iatersctions 1ato o vali!l, .sadly, complete [ivca.."0
to aid the venizle devsignar i3 desi.>g varicmaity
with the ctl-vend =, fernamce «f o wew vealcis «Niie
Bt is 52421 im it forwative stages. Ewmplas.s .as
pisced Loam 13, now order of cf{f-r0a¢ praovisms ca-
Coustered {3 .owtheant Asle shace, Juite 2impiy, tur
standard g owat-crevilag valitary vehiclag had t 4
1343 Yeen fouad gener~lly insdes~yrT® Y0 provl e tas
ground mobiiity Tequlred for tSe k.nd of operstioa:s
our grousd forces womid like to corsuct., The preseat
oevalustion of the stets-o0f-tho-srt vas csde witiia
this comtext,

Three netiocas fusdamenta] te tiis stedy require
drief elocidation et the cutr2et: “zrewes wbliity,”
“evalustiom ef the state-of-t%e-a/t,” amd “:iae
vehi~le desigmer.”

Crouna Mobility

Mekility is o quality of # vebicle in & given
terreis situstion, net of the terraim par se [af,
Crabaxn, 1985]. The first specific resesrch on eff-
roed vehicle performmice degan during F¥II, it gree
sut of the vepested "degging™ of mnilitery vekiclss
{s Itsly, Northars Usrepe, the Paci”ic Islaads -- {s
fact 3ln02t evwryvhers aroumd the glode where thers
were vehirles., TAis was a first-erder problen of
vast csmacers, Semewhere durizg its ceavly stages,
work um this preblisw {3 Bi: cmmtry came te be
terwed "aobility reerar=A." Ia the comtest of thils
research & ¥22:cle’s “grvend sedility” sccerdingly
berar~ syneayweus vith §ts czility ts mogstiate mnd
md to cro9s weak ground. Thiz 1imited wasyse
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gvasTaliy parsteiz ts the preswst, sideil a3 ulipa.r

euallivative form, ip TECOH (23t procedures {ef, ToLP 708-°08,
1957} aad 18 Army “axa-smtowetive Ceatez bid specificstions

for new velicles {s7. REPD §2-12, 19971,

#oXkier Segm Cosplicating smatters whea, guite
1ightly, he expenind the tsra to incivde fartier
ispertsat elomwats of tun spectrrm of yessidle
vehicla-terrain reistisniaips «- trees mé Lills
mé lumps mé bumps - mmd propesed |2 reletiem 2o
groumd rehicles that, comcantusliy st least, ihe
aversge speed of 2 vehicle is a gives tarreis wae
the proper msesvre ¢f its mobiiity in that tsrraia
[Johnson et el., 1931). This comcopt was saortly
refined to facorporste tie sversge speed "frem A te
3% bSased upen the straight lise distence detvees A
mé B regardless of the sctual path mecessarily
takes Uy the vehicle {drecks, 1988]). im the pist
fow yoars the self-descriptive sailisng ters,
"speed-asde-goed " fas becn applied te the latter
speed [eof. Jrsdaw, 1965j.

Mers gewera. military parlaace, Ahowever,
asaigns s brosder mmaming to "sobility,” spplrisg
it a3 oftsn to en’ire military mits a3 te a sisgle
groumd-crawling vehicle. Alse, ss part of the
femilliar ailitary triumvirete “firepower, armor,
md nobility,” for exsmple, it bas e leager Bistery.
This drosder, older ssmmiag general'y relates asre
dirsctly te dictiomary definitioms {or mebdility
which, mcst svecinctiy, beil dewn to “sevesbiemess®
[{Puttall’e Stendard Diosionary of the Englies
tenguage, 1931). It invelves both self-prepalled
and e33isted notica of axythiag frem s sirgle
seldicr to 2 livisien or mere with all its equip-
ssat. Even in relstiea te the sizngle vehicle,
this mobility encompasses botk "sutemchility” and
“passive mobility"™ {Lynds, 1939).

4

1.
i
$
{
L
(
§




Feceat vaers have vitzesead 8 flood of furtaer
qualitetive defiait‘ons of varyilag scope: waobdllity
i3 the 353ility to cperete ia tre off-rnsd eavitm-
mont of & willtary vehicle {Biscnoff, 1361},
seb{lity ‘2 o messure of & vehicle's adlllity to
traverse, under ity own power, the varisty of
terraia coaditions found om the esrth's gurfsce in

& Bizimum tine and yo: r223i5 Capieriv of accompiisa-
ing its mission [Bischoff, 1984}; Lt is the caps-
Pility to move freeiy over the surface of the esrth
ead uat be stoppad by astursl or mam-msde chstacles,
with adequate tractiom and ground clearencs to
sasure relstively free moveseat througs mud and

soft grouad (Parker, 19643]; the capabdility teo
traverse all types of roads aad adverse terrsin to
ti¢ maximm practicadle degree comsistent with

ether of the specified vehicle requiremsats {REPD
02-22, 1741]; the competenze of a vehicle to per-
form its mission as measured by its bLest aversge
speed over 2 route represeatstive of the terraia
where it will operate {AMCP 706-335, 1261]; modbility
ic sovesent faster tham the enewy 2t any givem time
with aet result of the movement being detrimental

te the emewmy [Hollsday, 1965]. mobility of a vehicle-
msounted wespon system is its ability in time and
spacs “to conceatrsts, to snvelop, to deny . . ."
{Rice and Hatch, 1966]). That's wvhat mobility is,
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Ia Uctober 1944, despairiag to schieve s
quantitstive enginsering cefinitiom, Bekker pro-
poted that the word "mobilitv® be struck from
the terrain-vehicle lexicoa (Bekker, 1964]. aAnd
Rone to0 soom, for a full session of the January
1385 SAE Coagress vas devoted to "™Mobility of
Terrain-vehicle Systems,™ ¢ title suggesting s
truly daring sew comcept, but waich vas §a fact
only s meaningless ®elaags of curreatly fashiemadle
SSTds {SAL, iseij.

Despite fekker's ingenuous suggestiom, the
ters "mobility,™ and more specifically "grouad
sobility,” will te used from tiae te tise horein,
ia context of Bekker's speed-made-good comcept,
but gemeraliy without SRy atteapt at acrtual quanti-
fication. It will else be used in self-

explanatory combined form; i.e., scft-ground
mobility, sand mobility, etc., to express limited

sspects of a vehicle's overall off-.c2d performsace
potentisl. It is still s useful word:
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Evaizati-n of the S*atgecaf.odg.ive

Tha state-of-tis-art of desiga for off-road
perfcreance may be svaluated {2 teras of the
extent, validity, zate cf asdvance, and practical
usefulness of the avallable technoloygy, the rate
t.f larovatiom in developing new mechanicsl
soluticas, and the perforssnce sad sdeguscy of t2e
best current machines. rerfcrzance snd sdequacy c¢f
our best mili%ary vedicles may in turn e fodged .=
Telation to timilar commercial yad foreign militsary
mschiznery; to scme sort ~f envelceps of techaical
feasidility; and, most importantily, to tie jccs
they are expectrd to do, In the vresent circ:a-
stances it is the high and nebulous expectations
which sppesr mcst troudlesoms,

Our techrological society has made us M zhly
dependent upom our mschines, aad our world reipcasi-
bilities and aspirstions have msde this partica-
larly and painfully true in military metters. AL
the sxme time, 23 a naticn, we havye come to belisve
that sciemce and sufficient resesrch and deveiop-
ment (F{D) cam devise practical oachines for axy
purpose. From the vierpoint of mobdiliy, owr
ground -traviine pachines 2ppear to Lave let us dows.
Surely somsthing caa be done. Or caa it?

The problea of expectations, indeed the over-

8.1 problem of progress i{a ailitary vehicle dcvelcop-
mt, ‘s’ f‘? from hain: . REw ane '\"t’-.‘m

- ————

years ago, {a anslyzing the faitsring courss of
medium tank developssats sizce WNI, the O, $, Arwy
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Crdnsace Committee comcluded that progress hid bees

ispeded largely by & aumder of pelicy aistakes,
shstracted as follows [OOf Ites 7814, 1329):

i. Lack of s definite ¥ar Department pciicy,

z. L] L] *

3. Dispersion of efforts sad funds tireuszs
the develcoment of sccessories Sefore the
dasis of any tsnk, tha classis, vas developed
ts & satisfaclery statse,

4, Making perfectiom is the experimental
vehicle the criterios for stsadardiistiom,

S. Too great s faith en the pert of nom-
technicsl people (2 the beligf that zar
d1fficulty cxn be overcome by research aad
development, ", ., , .= sems limes scleace
teaches sn impssse, or at least s perlod of
diminishing returas.”

6., Too freuguest changes ia efficer persomnel.

7. Demaads ¥y the usiag services as to
weight, speed, armor, and other quslities
which are mutually iacompatidle aad
uaattaiasdle.

8. Frequent chasges by the using service ia
the taak specificaticms laid Jowm by it.

9. Eatirely iasdsquate funds for rhe sige
aad newness of the field to te covered,
While only ftemn $ i3 gerssms to the immediats dis-
cwssion, the eatire list, with misner medificatioms,
cowld well 3377 as sa ouwtiine far a discussiom of
cuxreat ailitary off-rosd vehicle design prodless,

The Velicle Desimer

The overall XERS goal of siding "the vehi.cls
desigarr” Tuictes s finsl perplezisg questies --
just who is tae dicigner of & military vehicle!?

Te whom should s tresiise em pruper desige fer off-
838 jeiforTimice be sddressed! To whem dedicated?

18
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Altizu,a the root ©f 18 ;-tdlex lles in tie n3t.le
t of the terrsis-venicle rilstie .alp, vaich {3
{ detarmized U2 am orervie.sing Jegire by tls
furzeneats) configuratics of tle veaicls and Ty
its wale is relsvion to nature, it is ezacertsilcd 0
in relaticn o milizary vehicles 3y a plethors of
cbecks and dalamces pondersusly cpersted bty
committscs.® /zcordingly, s1ss natlon of the
organiistionsl precasses by which silitary veaiclias
cowe ints being mecessarily formed & part cf this ®
study.
i
f
t
!
L | ®
f
Y t
!
9
i
!
®

*Pye sams {8 Yrue, of esurve, {8 the £wsiga of
ships cad afrsreaft, but i3 t3eee flgldy tle teakzee
legical basas f£or tiils are widely unisvrrtees snd
sgeepted, as are tle eutlizes o7 ‘3¢ ervelope eof
tecasiesl fassidility vithis vhled selusicns may »
7e8 3038317 3o SOuNGAt. TX¢ repaltl L8 that sxip and
sirersft design objestites ars nOve TI8elly fovis-
latsg {8 tsrms vxich ellav 2e9ps f3r tLe fcesamo~
4asisn ef the fizisdetl vriigls %5 the lavse of
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asterc 25 vell a5 1o the desirws of the ragairee
i assts vriter. .
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] Cround-cravliag vehiclss are of gacien:

o { lizeage, and building their presest technology has
attracted the time and talen®s of msany sen every
munvr centuries, THhe begizniangs of comcern 7ith
effective vehicle-terrais relstionships sust be
dated from the ixventicas of tie wheel sad the rosd.
Developwent of doth procsedad om eatirsly pragastic
liass, dowever, wntil the itk century. Bekker bas
trsced sttempts at mathematical snalysis of wheel-

|
aeil interectioss a5 far bsck ss Grandveinet ia the
1790°s [Bekksr, 1956],

By the turm of the 13¢h csatury, under

! ' pressure of the dawning sge of iadustrial gocds,

: improved overlaad travel was s glamour field, sad

Rany clever men were considering sad proposing

» ] , improved grouad-cravling methods., Beglamiag with C»

Bdgeworth (1770}, British (and later United States) pateat

files of tle next one hundred and fifty years ars

replete with i{ngenious mechazisms to improve the

flotstion of ground vehicles sud, after the practi-

» ) ¢ csl sdveat of mobile stesm power {a the early »
1800°s, their tractionm as well [Young, 18368], Much

%* of the concera was for protection of sarthesn resds

tather thaa for the improvemesnt strictly eof eff-

resd performasce, bet tha distinction betvees reads

] ( . sad ponrosds wns them eften preblemetic [Legres, 1319]. «

e

Frequently the comcspts propesed were far

] shesd of other necsssary swppertiag techkselegy, 3
% sad failed in taeir time. HOowever, mexy have s ! .
) ¢ _ vory sp-ts-date leek iz the spece sge. The meders j
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noticn of ground pressure was eften oxplicit {a
their devslopment, Rickett ssid of Mis proposed
elastic mets) vheels [131D), “The edject cf tdis
isvention is to facilitsts the sovemsnt of loco-
sotive emgines snd elder carrisges, more particms-
larly ovar soft or useves grousd, by giving te
then, tirough sm slastic medium, s sore etended
bearing surface ez the ground,.”

Tie similarity of sn-reed sad eff-resd prov-
fems, vhich s3 late as 1700 sppesred to contewps-
rary engineers to show [ ittle sigs of eadlag [Hele-
Shaw, 1900], did im fact dwindle rapidly with tde
advent of the private swtomobile sad the acceler:
sted construction of paved resds. ¥hlls the com-
mercial "ca-resd™ tractiom engines ef 1384 were
resscashly sdapted to miiitary use iz tie Boer WNay
{Layriz, 1900}, on-rosd and off-rosd practics had
vo far diverged by 1913 that shen it cams time te
*{oveat™ the taak, the British called wpom Americsm
fars tractor maxmfacturers for thair first swccets-
ful trscked ruaaiag gear [Sterm, 1919],

Dwarfed Dy the post-¥¥I om-rosd vebicle
explosica, off-rvad vehicle developmsats for fars and coa-
siructiom work borrowed much froms the rapidly
sdvancing ce-read vekicle tschaelegy end cayitsl-
ized spom the gerersl march sf technology ss well,
Whils this, snd their dasic md-c.rl!l'l:j___
fusction, led te mamy resemblsnces betwess ou- iad
off-road machines, they sre, st the fumdanental
level of their vehicle-terrais isteractioms, quits
different, evem iz uaxy impertasnt respects
warelated. This was recegnited ia the 1529
Ordzance Committee 2melysis of medivm tank dsvelep-
ment, siresdy siluded te, ia which it wes peiatad
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cut thst a2 task {3 as distiact a vebicle as am sir-
\ ‘ | crafe. Uafertunately, Ihls basic fact is still xet
-4 clesr to manmy today. \
[ ] (|

Thus by the 1930's there had been comsidersble
X i sctTivity 1a off-road vehicle develorment Oover gsay
yesrs. XNeny vellcle configuratiors snd sechemises
had been tried, many wore proposed. Most 1ad been
conce . ved withia 8 broad uaderstandiag of the matwre )

’ ( : of the off-rosd prodlem, snd of the directioas ia
H wAlck feesidle solutions lay. Graméveinet hed been
< succeeded over the yewars by Moria [1840], Bernstaia
Ef; 11913], Randolph [1927), Goriatchkis [1338], -
R ] > Letoshasvy {1936}, and others ia the smalytic trest- '
3 nent, based upom simpiified soil models, 3pecifically
£ of vehicle-soil intersctiens. At mid-decsds tde farm
- trector industry uadertook a program of systemstic
. tests of tires [SAE Cooperative Tractor Tire Testiag ‘
) ] ! Committee, 1937); McKibben had begum hi» piomsering !
- research on agricultursl tires [1938, i940); and here 4
i and thers, a3 in the Egypt Corps or Arzbia (K. C. "
2 Kerr) or Longview, Texas (R. G. LeTournean), mem were !
ti, discovariag the petency of large paeumatic tires fer .
) PY « E big off-road jodbs. o
x World Yar I] quickly shewsd there was more to
»’3 ! be learned. Under the impetus of tsak emd trwck
5 : immodilitations in the med of & worldvide war,
[ < : organized systemstic study of the vekicle-versus -mad
y - 1

! and wesk seil problem begmm ia Crest Sritain {Cam-
nittes on Msd Crossing Performance cf Tracilayizg

: Armcured Fightiag Yehicles: Hosd, Mickleibwuig,
Markwick, Shevratt, 2vang, ot sl.;: in the United
States (SAZ Var Emergency Trictsr Commiltese emd tia
Ordmance Corys: Nerelius, Cusrchill, GCress,

; Lllioste, Wilsem, ot al.,; snd the Engineer Beard:
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Kerr); aad im Canada (Xatiomsl

i, Leyggetr, Zeiier). This "crasx”
activity produced seversl tasic end still useful
toncepts on vehicle-seil iateractioms, s fev
sobility "flzes™ om than current sscliaes, snd ome
valid, verking desigs guide, "The [nfluvexce of Losd
and Iaflation on the Selactiom of Paewmatic Tirss
for Xtiitary Vebicles®™ [ERlund, 1945], Its most
profound (nfluence, howewver, was te light the fuse
for this line of enginsering resesrch, wvhich is
still sputtering,

(]
Iy
4

N W
(4]

> RE

At wsr's ead, four Dasic spprouches were in
evidence, In Nritais, civil engimeering seil
mechanics vas utilized as the fowmdation fer seml-

espiric ansiyses ef vehicle sinkage bebavior is clay soils
[Sherratt, 1943 Shervatt and Evans, 1946}, Im tHe United
States, the Emgineer Corys was begianiag froms the same civil

sagizeering bese te comstruct its closely docm-
synted, empirical coms pemstrometer system for Pre-
dicting soils trefficability (WES, 1945]; and the
(then) Ordnance Cerps had degum sipport of s modest
stedy of the spplication te vehicle-soil problews
of dimensiomsl anslysis [Mettsll, 1949}, Ia
Cansda, Bekler was uandertaking to formmiste
solutions in terms, synthesized from Terszaghi,
Bersscsinm, Coristchkia, Micklethwait, zad ethers,
vhich sppeared te his more sppropriate to simple
maiytic treatasnt of the seils psrodlem pesec by
vehicle sctions [Bekler, 1943], Unfortumately,
the several spproeches stilize different soil valae
systoms and éifferent {astruments for charscter-
f3iag seil streagth: the British shesr vame
{Bvaas, 1950), the WIS cene pemetremstar (T3 NG
37, 1959], and the twe-pari, pemetritiom sad shear,
bevemetor [Paviics, 1901},

3
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¥™ile esch s=yreech sad its ssvmerii~g se4!

*2loe srstem sud (NS!TVMMMEATION Lik someVAEY ¥
TOCemmwed 1t i 4% BDEgiRniAg, dvd wii have led, is
the Lread viev, to quite 3iai)ar 112.2lt3 (s they
sust L7 st all correct), moch «f the wort cf saay
years follcwiag was conducted aore in tise spirit of
s ladles’ vrestliiog matck thon of sciestific
inquiry., At tils mowest, 3238 twenty poesrs cfter
the opeaing dell, there i3 5tii]l no ene validsted

amd sccentod soil value svites for vekicle-seil
stedir;.

This is not te vay the? these vears vere
mprodactive. Fritish investigetory are satisfied
that their current methods produce ressessble
results for wvheels and tracks is comselidsted clsy
seils [Uffelnann and Evaas, 190%; Reece, (363]. The
Cerys of Eaginse7s come penetrosster weork (com-
ducted since 1745 at WES) by 1956 had achiered its
besic goal of predicting fine-graiced seil traffic-
shility in reistion te existing vehicles by caatact
meass [Kaight, 1936; Kmight amd Ruls, 19¢1}. Its come pece-
trometer ay;prosch hat since Resmn sxtended to swccessfyul
contact predictios i samds [Rush, 1939, 1961, 1943; Freftag
aud Knight, 1963) amd saows [Ruls et al., 19335; Blackmon and
Rula, 1540), and te promising preliminary cmatsct stodies
in orgenic seils [Schretner, 194S]. It has also beea the
basis for develoving metdods for forecastisg sotls traffic-
adiiity [of. Carlsom, 1939], for a sownd begizaizng of
the much needed generalization of surfece seil
streagth infermatios os a geegraphic basis [Twrs-
bull and Kaight, 196); Meyer aad Kaight, 1961; Meyer,
1964), and for studies of maans te deterxine
traificabilitv by neacentsct mstiods usisg remets
sexsors (Davii et sl., 1963, 1%60; Davis, 1964].
The Cone pemitrometer kas 8150 proven msefal as the
basic soil msssurewent iastrveesti !a disuasiceelly
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erisnted, meticulous, systemetic stejice and
aaslyses by WIS of tire perfornance ii *cth ssads
and ciays [of. Fredtag, 1743; Satth, 1963; Turnspe
and Creen, 1988), and iz c preliniasry fleld progran
te develos means to extend the 3J7-pass seil traffic-
shility te the prediction of first-past perforeance
[RE, 19¢3). DRekier's sppreech te soil-vehicle
iateract.oms has beca sspoused br the U. §. Army
Teak-Autemotive Center (ATAC), wiere its refisement
and eladeration amd its spplicstion to dasign sanlyses
have deens & mejor comceors of the Land Locomstion
Ladboratory, founded by BSekler ia 1234 [Listom, 19¢8].
It Ras alse deaen sdopted by XASE a3 ths system {ov
specifying moon 30ils, and for dssigning end
evaluating moon vehicles (of. Pavlics, 1963; Womg
sad Calan, 1%68).,

Only the fundsmental dimessional iypproeck kas
lacked clear comtinwity. Hewever, despite szae
emdbarrassingly dad werk {a {ts name (Clark et sl,,
1965]), it has ia the past few yesrs showm signe
of Qquietly becoming 8 mziastay of curreat work st
both ATAC [of. Lision and Hegedus, 1964] and
WES [ef. Preitag, 1945), and 13 Veginziag te octcwpy
& ioading pesition in the wvekicle-seils resesrch at
sevoral agriculturel emgimeeriag colleges (ef.
Clark and Lilfedahl, 1963; fmeng et 8)., 1%64;
0l:om amd Weber, 196¢5; Siemens ot al., 1963;
Pierott aad Buchele, 1766}, Tare sre currsstly
seme 21 orgaaiiations i3 Als country and Canads
haviag indoer seil binm test facilities for the
study of equipment-3eil prebless {Sppendix 1).

Mset are invelved {a ose way or aanother with the
dinensiocnsl sppriech, sad fully recogaize tha fact,
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THE TOTAL CF¥-"NAD KILJTARY YTHICLE EWYIRWMWCNT

Although the research oa te-rain-voni-le
relstiomshine Begem with comssdorstion of the first-
crder problew, to-g9 OF ROt-to-go ia mud sad weak
seils, the estendisd prodlen, iacluding obstacles,
rouganess, vegeutstioa, etc., it aow videly umder
study, MNereover, im cocsidoriag the design eof eoff-
read ailitary vehicles, still other eleweats emtesr.
The rerultiag sxdience may be termea the totsl eif-
road military vehicle eavircnment. It mey be considersd to
cousist of the comdined effects of climate sad
perscane] as wvell s3 terrain, Seee comceptiom of
its oversil severity is givea by the fact that
stendard Arny trucks aave a life of spprozimitely
19,000 miles, while the 1ife of less rugged come
sercial road vehicles is normally reckomed ia
100,000's of miles {[Lysde, 1958]. Put snether way,
fully developed commercisl trecks ia nominally
sinilar use by the military aave s relisbility of
only 38-40 per ceat at 20,000 miles, vhere the cwr-
rent overall target for tactical military trucks is
99 per cant (AMCP-706-134, 1961].

Climatic, evesn microclimatic, compoaents eof
the eaviromment per 2¢ are generally diffase, and
are zormally treated as relstively Joag-tsra phe-
aomens (cycles aad statistically expressed msaswrso
of rainfall, temperature, humidity, radiatiom,
otc.)., Short-tarm mamifestatioms, such at hesvy
raiafall, however, can have profowmd effucts, some-
times divectly (as om visibility), more often ia-
directly (as thrcugh champes ia curreat seil
sszhanics]l properties).
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Tas perscasel cocvoment i3 =ore fregweatly
naaifested by _Jimernl shase cof vedriclias tiam by
treiming im their i{atslligeat srploitatiom,
Effects teud te be Army-wids, Thsy viry msrladly
with troop morslo, traizing, scas 23 79t vacef.zed
sex erpesl]l (or lack thereef) of s perticular
vehicle design, and perna-s the tsctical sitwaticn,
Thus far the personae]l componsat ZpDears te vary
saly ia secondary and derivative fasaicm witd gse-
graphic locsle, Its effesctys, however, cam ever-
shadow sl]l others, Im extreaw cases, persomesl
behavior esgentially wurelsated tc ke particular
physical environment cam slmost totally ocdscures the
offects of >ther eavirommental inputs,

The factors xhich doscrite the terTaln segment
of the eavircament are of tve kiads: those expTess-
iag relatively stadle, lomg term sttributes, emd
thnse expressing the immediste stats of elemsats
subject to seasomal znd/er daily variatiom, A
wvehicle's performance is {i1fluenced by the gee-
metric md pechaunicsl features gad properties it
fiads point-dy-poiat tad moment-by-momeat in ths
terrain, These, in tum, reflect the combined
offects of both types of factors,

A slope i3 s slope. Cousider ome of rvasom-
sble length and miformity, sxtrems but oot i
possible -~ say one having s 3C-percent grado.
Yhether or mot a ziven, relatively mudile wvehicle
will negotiate it depends om many othsr facters
scting in comcert vith ths slope. All may be com-
sidered, for genersl design purposes, to be iade-
peadent. It i3 resdily sppsremat, for example, tist
the type or types of seil iavolved, their strati-
fication zad meisture cantent, the exterat of super-
impesed mimor relief (aicrorslief), the sxrfsce

3
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rowginars (ziaireliel), zad the kind mdé cmditiom
of vegetilive cIver mavy eaca have sme iaflussce.

Slooe (macrorelief), sef] trye end stratifi-
“8tiga, pemeral vsgatsative cover, alcrorelief, iad
porhazs misireliaf gre relstivcly stadle, Zoil
mmiarturs comtent Pad (U3 stratification wi?
1ually very frow <ay to day; the state of veg-
tstica, froe veek to veek, All will vary (s mere-
or-less dsgree at differvnt points im the vekricie's
trave] sven iz & nemina 1y hcwogeseoxs terrsia, sad
west vill be sltered te sowe extsat by the
vohicle's passepe.

The luag-term factors -- topogzsphy (macre-,
sicro-, md mint-}, the general vegetative pictyre,
soil trpes sad distridbutioms, oversll grommd vater
regime, seaipersanest cultural feéstures, ste. --
say foT ths most pert be camsidervd om ths basis eof
relatively large arevs]l mmits. They may usefully de
malyied xad classified for desipn purposes
sssentially vithin the frermeverk of classical
matyrelistic studies, The varisble sttridutes must
bs treated o 8 tims-dependent dasis, reflectiag
tempo.al varistions ia westher, cvclic influemcas
of clinate, the mechanics of soil moi-ture and
plant growth, and tis emslsught of meakiad,

In the zggregste, proper, lomg-term, brsad
classificatioms -- in terms of landferm, gselogy,
ecology, climate, ctc, -~ with their fatsrrelestiom~
ships, coustitute the omly soumd bcse for predict-
{ng comditicas to be foumd ia wascapled {amd sems-
tissr umssmplesdle) areas of the verld, amd hence
for predicting equipment performsace (or, cem-
tersely, requimaeats) ia swch sreas, Tae csmsider-
shble exvirczments] researca vkich amst be dome te
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deveicp thls ratential, via ts ccrrelstiom of the
raturallistic classtficaticon systems with the
occurrence of [eomstric zaZ wechamical features
ENICS <sreesiy g1fect laa performance of mijlitary
squipatnl, ipperrs ta be cas 3f 52 essantial stepy
Recet1Ary 3 the develco-nent of sore raticcas
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YYRICLE-TERRAIN RELATIWSMIFY CEYRRALLY

By tie dafinition sccopted far tils studv,
w tlity 13 esseatinlly sveed; speed in a strafighit
lize or "3peed-made-yrood™ toward aa cdjeztive vhes
s straight liae i3 fampessitle or lspractical, id
phasee of its study (with the siception of terrals
rTosghness) have beth “go, no-gc” md speed acpects,
In theory, ot 882, & ussivily conplets tresteret
of wobility shouwid cosider the full rammpe of
speeds frea 1¢sre (ne-ge) 08 wp to the practicsl
operations] maxirs fer varieows conditions &3 detese
mined dy the totsl terrsin-vehicle relationsiip,

A given vehiclie's perlermmce ia s terrsin at
sAy weewnt (7 3 fumction, insefer ss the tcrrain is
cencoernsd, pringrily of the geomm”ric sad nechaui-
cal festuros and preperties of the sssil aree e
whicle o:cupies at thst memsat. The sost seew
iagly variegated toerrsia mey be drokea ints memuge-
shble ianc-ements of ressomable homegeneity fer
detailed treataent, and subsequently iategrated ts
obtain a final figsre for s totol trrverse, Meve-
over, study 2 predictioa ef say sad sal) primsry
facets of of7-rosd perfersance 2re predliems ia
engizsering sechanics, dasically tsiaple, bet mede
couplicated by the 1atriasic cemplexity of beth
vehicle sad terraia geowmetry,

Ia erder to faciiitate sisdy, 147 compisxzity
of the oversil prodlem is arvitrarily reducsd dy
f{selatiag varieus Xiads of vedicle-terraia iater-
sctienm for individual, simplified rsatment, The
sssuspticas are wsmally tasitly made tist iz the
asre cemplex izcrvmestal sitwstioms feund i3 astare
seperate sffects may de coubised esseamtially by
superpesition, sad tist the erdsr of luproveasnts
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ia periormance ia the simwlitied rituations will te
reflocted in corresponding field situstions as well,
Altkough ast? strictly trus, tiese have pryven te be
useful {2 clartfyiag the comnlete picture and for
Jesiun and gross evtimating purpeses., NKereover,
relatively “pure™ situstione, ia wnich ome simple
type of vehicle-terrain interaztion esseantially
comtials, srTe act uncowmes.

The curren. 4ivision of the vehicle-terrsin
prodles [ef. Listem, 1902; TECP 700-708, 1964
Bismer, 1765; Cradbew, 1964, 1985} trests the
terrsin separstely ia terms of

§) its surfsce materials -- the seft-gromd

prodies,

1) its sejer topography -- the slope previes,
and

3) its mines surface geomstry -- the ebsticle
probles.

It is convenient to still further divide comsider-
stica of terssim obstacies (3) accordiag te the
kinds of vehicle rezpimse they preduce:

8) costiswews grmmd rowghmess, vhich reseits
ia essentislly continseus but randea vibrs-
tions of aad vithis the vehicle, snd which the
driver sanages as 3 persisteat elewnt of his
eavironmeat whose lavel he sdjusts thrsugh
speed comtrol;

b) esseatislly singular odstacles, sach of
which preseats & separste chrlleage to the
vehicle's pregress becsuse cf mechenicel
interfarences, excessive traction demsads,
amd/or the deveiopusnt of extrene setions and/
oY éymamic fozces em and in the welizle, ond
which the driver must deel with essentinily
ene-by-eme; and : S : ) -
» . s :
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¢} planimetric arrays of ebstacies which sre
{aserecusiadle by 8 gilves vehicle, sad whlch
8y or nay net bde penetradle tirough maasauver,
Najer cospeneuts of vegetation norsally fall
in this category.

Obviously, subclassiflicetion of s particuisr
segmeat of terrsia geemetry in thase latter terws
will depond vpon the relative scals of wehicle sad
terrain festures, snd, te & lesser extext, upea the
gewere}l charscteristics of the vehiclie. Cemceive-
dly the same bowlder field comld Do merelv rowgh-
Ness to 8 very large vehicle, preseat 3 succession
of critical, simgular obstacles to a snsller oae,
and offer o field of inrsursoxntebie obstacles to s
tiny one. It i3 te be neted, Nowever, thst a full
quastitative depictiom of its three-dimsasional
gecmetry weuld previde the basic dats for stulyiag
all of these cases.

Finally, there are a wumber of charsctaristics
peculiar to vegetation which somstimes influencs
practical mobility., First aad mest importaat,
vegeiation often limits driver visiem, obdscuring
sbstacles, imposing difficulties in route selectiea,
etc. Amether characteriztic is its resistamce o
being overridden by a vehicle, amd 8 tRird is the
peteatial of vegetstisa te camatridute to the
besring strength of tre grewmd surface, Jor
te its surfscs slipperiness.
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T techaology om terraia-vekicie releation-
ships preseatly svetladle ‘ur the desip of off- {
x roed, ground-cravliing vehicles fslls into categories
parell~1'"4 these just discussed., THe soft.grownd
prodbles aad ths a3lope prudblen sre trested dy
vehicle-sei]l mechanics stomming directly frow the t
YY1 roets. The terraia rowghaess provles is umder
study by mesas of importaat estensions eof eute- j
webile “ride” techaolugy. 3eriows study eof
siagular odstacles and planimetric arreys of
obstacles, snd of troublesoms aspects ef vegetatiem,
is essentislly youmg but able. The eatire tech-
selogy Mas siace adbeut 1963 deen wnensily esbraced
along with related aspects of earthsiving and .
sgricultural equirssat sechanics, dy the single |
. ters “terrsmechaaics.” ‘ »
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A sigaificamt dut partially intangidle asset

te the state of the teckaclegy i3 the existence of

the late:asriomsl Seciety for Terrsin-Vehicle

Systams (I3TVS], fouaded im 1361, folloving the fruitful

L ¢ "First Iaterastiomal Comfereacs om the Mechanics ef 4 ’ ¢
.- Seil-Yehicle Systems,” hold iz Turia, Italy, ia 3
' June 1961 [ISTVS, 1941; alse, Ogerkievics, 3

1961]. ISTVS uas formed "te effect the echizvsasal

sad advaacomiat of kaewledge of the mechanics of .

¢ ' tarrain-vehicle syvtems and sei]l verkiag machizery 5 ’

in 8l] ezviromnments.”™ As of Jarly 196¢ (it had 134

U. 5. members zad 135 frem 19 ether cowmtriss,

: ' iscluding twe behind the curtaia. While the U. 3.

mubershiy is predeninsatly frea the nilitary R§D

i . .

t ‘ ‘ estadlishmeats jcvelved in wvehicle predless, aad 3
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: : their contracters, seme 90 perceat of the 2en-y. §.. -

3
3 2 »

{ &

i
‘ - o - »

R ol ‘- et e
. L T < S AT 451
s - B TGP ~r:’,: [ 5 PRE
, (IR - HE) L L T . ':3 "he ol
- - ,", L K‘i T 1 .3"1:’,,"'!. “'{ﬂi‘; e ;’}" Y
. . 3 LA A P L] ~. - ‘,*. - "~‘¢ . - > t
_'i‘”;-_: \(4‘:'_ 'l & :.."‘ e 2:\:1‘:';:'*6:‘4;:‘; &3-‘

.m’u“’j. AR 7R J?E"I > R RO >
SRS O T o Rt ke 1 I

¢ R i VR LN ey LR Sk 5.

M 9PN o f [ ATSE Sy PO o B4~ Pan N S aLl




L}
+
o
¢
*
BY 27 Hohinwer Monarei]l Lt
q
(|
Hoamartion, 1964
¢
! Airoll, USMC, 19%4
® « ﬁ
|
5
¢
]
!
‘ i
MARY, GNRDL, 1964
¢
Haxdy, 1964
o~ 4%
q
N7
O e
P i
i
|
4
¢




spaberihip i3 wsde vp of wmiversity resesriners ia

a—— e Ear e cape -

sgriculture and comstruction aad prefersienels
svsocieted vith commercial coerstioms. Apwrexi-
nately 30 perceunt of the tstal memdersaipy (s
involved in research aad dovelorment of 15me sert,

Begimning ia 1364, ISTYS bhes spemsered & sud-
staatial quarterly, the Jeuranal of Terreveehaniee,
sbly edited by A. k. Reece, of the University of
Rewcastle, U. . Ia Angust 1364 the seciety held
ity second internatioms]l confervnce ian Quebec Clty,
Quabec. The sccummlated file of the Joxmale, the .
Preseedinge of the Turia aad Quebec comfereacss {ISTVS, ! {
1961, 1266]), plus the pepers pressnted st & series of specially i
orgazized sessicas oa grewmd mebiility st three romsecstive -
Sacioty of Antemotive {agineers (3AZ) coungresses, 1363, 1984, 4
2943 {see SAE, 1964], sad the 1765 Iastitutiom of Mechaaicsl
Eugineers Symposium ea Earth-moviag Mach’yery [IME, 1943],
Milund's 1943 repert and some 15 receat WES reperts listed i
in Appeadix 11, provide a goed werkiag dibliograpay i,x .

!
13

M

C a4 - ———
hims o, tilhne s M e e e -

of the curreat tschaelogy available te the designer.

The SAE series adds a farther sad aecessary
divssion, systems asalysis, te the everail tech-
selegy. Aad ia its traia, systems amalysis
implicitly brirgs the nesd for qumtified mad
gensrslized torrain information en s larpe scale,
sad often Jor areas where centact precedsres feor
obtainiang it sre intsrdicted. Thess are the
prodlems Of envirommsatal research, The cast {is
v complets, and the die {3 cast.
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Tahficlo-Sol] Becnaics - Tadits

Vohicle-soll mechsnices 12 ths zastyr lias of
the entire chain., Ia the cowplete guantitatire
systems approach sow taing forge~, {t s siso tze
weskest., While it i3 generslly concaded tast tia
20 years of sccumulated research have contriduted
usefully to aqualitative undarstazdiag of veaicle-
seil relationships {ef. Ogorkiewicz, 1762], it has
yot to reach the gos. of "zuaatitstive uncer-
standing of the performance of vehicle rummiag
gesr ia simple soil systems™ srunciated by Reecs
in 19865, Ia fsct, i? must be agreed that,
quaatitatively, ™. ., . the sbility to predict

vehicle perforwance i3 very poor . . ." [Joass,
196S5].

Most uader the gum, becsuse of the lomg coxti-
asity of their supportiag research, their vide
publication, and the claims made ia their behslf,
are the simplified smalytical methods aad asso-
clsted s0i]l value system based upon Bekker's

pioneering esrly work (1956, 1360]. Thefr curreas stsins

wss summariisd by Sekker ir his James Clayten
Lecturs before the Ixstitution ef Mechenmical
Eaginesrs [12¢3). In th» past 12 ysars Bekker's
spproach aas besn carriad forvard largsly by tde

ATAC Laad Locomotiom Laberstory (LLL). As developed by

LLL, the system has departed somevyhat fr.3 somw of
Bekker's .arlier simplifications, .ad {3 now

onerally referred to as the "LLL System.” Zsmetdeless, tis

specaiic sccuracy vith which such simpls sad fumdas-
weatsl PerfOTEEACS BOEIBTUS &5 L0 érawber pall eof
oxisting powmstic-tired aad trackse veaicles i3
asasured seti! condition? may de cslculated dy tiis
system has been poer (Waeel Track, 1963; Claave,
1963). Zaece [1964] cwmcluded afte: s full year's

41
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sxposute tO the om-geing LLL resesred thet ~. ., . »
Jeiker's system i3 aet 8 scleatific theory bt 2

As late as 1903, 1is degianing svatems -«
studies on combset tanks at Chie Stae University,

it ves decided, sfter reviewing the situatiem,

to start effcctively from scretch te develop moam? »
te csiculote the perfernemce of trecked vehicles

in wesk aoils [Perloff, 1943, 1944]. Criticismss of the

dotaiis of the LLL cemcept 879 st least as summrews

[ef. Little, 1962; Porrsen, 1963; Reece, 1964, 1965

Acsur, 19604; Willis et al., 194%; Nversiev, 1963; »
Reece and ¥Wills, 1943; Cleare, 1943; Yodyanik, 196%;

Reeco and Adams, 196¢; willis, 1948},

hypotdasis *
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The weaknssses of the cwrrent LLL sysiem ate
recoguised by LLL beth direcvly (Listem, 1904) and
indirectly, in their cemtinaing swppert of asd »
requiresents for further, mere dasic seils resesrsh

r'yu
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{ef. ANC-QDRI, 1968).
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The system 19 adly defendsd,

hovever, as the meet sdvamced, practical, premisiag,

sad quantitative svasilable, sad s previdiag

relisdble estimates ef the relasivs soft seil per- ’ ®
formance of an arrazy of vehicles [Listom, 1984],

The LLL system is alse comsidered ¢33 an adequste

basis te begia needed systems sasziries {Bekker,

Th necsssity te express sell mmd wehicle

parsasters, and their relsztioaships ¢ messurshle ’
vehicle perforsance, in quaatitaiive terms cganst

The LLL systwsm does previde vetde-

Betical medels se necessary te medera computer

Moreever, the medels ave sufficieatly ‘
coupleax to give swch exnrcises the 208t of an . i

:
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analysis requiring medestly sdvanced systens sad ssthe-
meticsl techaiques.
the imprecision of the basic medeis, such mmsiyses
have miaizg boyved dsnmstrating vhst might bo
dens vith proper sedels, is anether question.
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LLL i not alute, AlfAeugh tae Pritish pemer-
]‘ 8lly cosrede taat their selutions fer vheels aad
 § tracks in consolidated clay seils are dasically »
sound [lewce, 1983, Uffulsana and Evans, [96)],
accuracy i poor vhes 3lip snd/er siakage becocess sppreciable <
-~ i [e7. Beece snd 'dams, 1702; Willis et al., 1305]. Aad the
4 veneTsble WIS eapiric esustion fer estinsting the
strength of fize graised soils (in terms of cone »
s . indices) weeded for the trafficability of paewastic-
¥ ! tired wehicles uabern, or st least watested [Iaight, .
7 1956), comtinues te be revised regularly as the
reslities of further vehicles sre encountered
| (ef. Rush, 1962, VMEA, 1965; Rush sad ScAreiser, 1364]. »
i Of the 10 yesr-old VES pregraas is the wehicls-
b s0i) mechanics aspects of grewnd sobility resesrch,
: ss distiact from their trafficebil ty research, it
¢ can oaly be said that the cwmwlative resulfs sre
becoming impressive [ef. Creem ot al., 1%64; ®
. Preitag, 1965) but sre essentislly unvalidated by
design spplicstion er in iadependent fleld trisls.
N Fiaslly, the curreat stats of fumdamental
o mderstanding of soils aud soil-vehicle relatiom- » °
o o ships is such that, despite mamy sttempts begiaaing
% in 1944 (Msrivick], the first-order problem of
s ' fermulating defiaitive, accepted, ressomsbly cea-
= : plete dimensions] enslyses of various types ef
f\ ) seil-wwhicle behavior is, iz effact, stil]l ia abey- »
¥ ) sace. While this gszp is most spparest ia relstion
: to dynemie soil-veaicle reletiomnships, there is met
{ OVeR a clesr comseasus om ststic analyses [Mettall,
»‘ 1949; Willetts, 1934, Muttall sad McGowas, 1961; Visceat
£ st sl., 1963; Schuriag, 1964; Listom and Hegedus, 1264; o
;{: Sellivan, 1964; Preitag, 19643; Cesdmun ot sl., {
s . 1866). At the roet of the predlem, sgaim, 19 the .
N 1ack of & validsted sné scoepted systew of seil '
= - vslass. i
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A dimensi-ns] analysis 19 sn facemplets 4
anslysis, msthemstically simple te ps-form,
Althcugh it is sa 1zdispensadle tcel §n planaing
scsle-wmode] testey aad ;aterpreting thesr reswlts,
the true {mpo-*s .35 of & dimensional snalysis llies
ia the fa. _.:sat {t desandy the same Jdegres of ’
basie understaading of the phanceenocs xader study
&8s does any nore complets sad pewerful saalysis of
equal vali’ 7y sad refinemsat, The measuradble
propertiss of the eversll seil-vehiclo system used
ian formglating the one must be ideatjcally thoss ’
used ia the other. For this reasom, dimensiomally
oriented experimvntation, sxploitiag scals change
88 ¢ major comtrollsble variable, cas b¢ & psrticu-
larly powerful mseasns te study tre validity beth of
geners) soll-vehicle concepts snd of proposed seil o
valuo systems, Jf the validity of a dimsnsiomal
snalysis camaot be satisfactorily snd widely
demonstrated, neither can that of any more formsl
snalyses starting from the same premises.

—— e -

In retrosnect, it is evident that the develop-
ment and vevrificatiom of basic dimeasional malyscs
of soil-vehicle problems should Fave been the first
order of this businsss. Much of the conflice,
confusion, snd lost setion of the past 20 yvesrs cas,
1 in fact, be traced to the fact that the rslstively
umprepossessing dimensisaslly-oriented research
whkich could have provided needed clarification of
the fundamentsals of scil-vehicle interaction did
et receive ths supper: that sppareatly more direct »
E i wd glsaorous spprosches did.

, o A e em e




s w e . ——
x T U —— - .
- - s s o

\ . YoMicle:Sai) Mechanicy +- Credits ‘

) Despite the consensve that sach of the presext tachaology
( ' is insdequste te calculate sccurstely the sefc-

ground-cretsing perfornance of vehicles, there srve

many Sright spets. Firet, scversl difforent

investigsters have shown that the prisery soil

strength pavameter: megsured by the devices ewploves

in the seversl systems -- the come renetremetsy, the .
i shear vme, the bevameter plate/shesr tester -- do
correlote ressemably well with omw sacther sad vith
standard civil engineering soil strength detersin- ]
ations [of. Jamosi, 1938; Smith, 1962, 1964; Osmen, 1964;
( Bucaele, 1964; Bailey and Wedsr, 1965]. Second, the

i several spproaches ssy be showm te coaverge in

rather simplo terms and to have G degree of corre-
Istion ia their assignment of reletive performance
: potentisls to am srray of similar vehicles which
¢ is remarkable ta 1ight of the heat of past comtro-.
versy, sad the comvlexity of soils, both real sand
inagined.
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AS aa exsmple, wnich will be put to further
use ix 8 following section, sisple soft-scil per- » {
formancs iadices for pneumstic-tired vehicles are 1

P

developed iz Apreadiz III, uciliziag the f3llowiag
currently published informatiom:

v

1) The Eklund Mobility Factor (Eklund, 1963}

{ : i) The WIS S0-pass trafficability criteriom
(Y'@A, 1963)

3} The WES saad tests {[Preitag sad Iaigit,
{ 1963; Freitag, 1995}

- v A e e

3“:"".“"’ WES clsy test reswits [Freitag, »

$) Preliminsry first-pess trafficadility
criterion [WNRE, 1965] {
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) Me¢ FYITE equitic=s for rigid vhaels ia
cley {V{felmam, 1 81}

7Y The LLL soil value svstewm and soil-

vehicle model [iarrisos et .., 053}
The resulits are suamar!izad in Tadble I, Iu these
simplified eopiensions 4t i3 sppareat that there
i3 corziderable Dasic comsistoncy in the reswults
from the severs] nominslly cempetiag sewrcss. ia
clay seils, sl ather things deing equal, redection
in the asminel cait ground pressure (NUCP) of 8 tire® wijj}
clearly tatend 118 renge of operrtion iste veaxsr
3$9i1s ro matter vhose method |9 used. Moresver,
there is acrcsa-the-board agreemsat that the sane
NUCP on vehicles im diffarent size classes will ; *
result in the same order of performaace ef ench is
fisld clay comditions wvhere the soil streagth i3
uniform with depth, The results of WES trsffic-
sbility fieldwors sgres well both qualitatively .
sad quaatitstively with laboratory assd saalytical ‘
treatmsnts, cespite the fuct that the field tast ® ®
results reflect complicating facters suca as sa2il .
remolding sad stratification, snd the effects of '
mmltiple wheel behavior.

Ym e mlnebaads e b e

4 it e ——— ot ——————- . S = s = e e bt st s ot e a2

SArvitrarily defiaed throughovt “44is repert
sinply as
EUCP = ¥, /by (111-0.1)

vhers V; » average losd on s single 'Y
1 tire (1b)

b ® undeflected tire sect, o
f wvideth (i3.) 1

aad P e 4/2 © undaflected tire §
satside radius {(iun.)

5t

™ —

AP T AT N TPTP e e s e o mm
, .
/

{
r
>
»
2
1‘:
-~
1
&
+
v




In sesds sad sandy materisls, WP s agein
the comtrolliliag factar,® There iv slse goed ajree
mea? that 32 thete soil (rpes larger veaicles {(:r
larger tires) msy operat# rt Bigher nomias] uai?
lcadings withoat loss ia performuzce relgtire to

smaller vehicles (or tires) st corrsspemdiagly
lower loadings,

The resuits are, of course, ia gvaers} sgree~
ssat with naay pablished dlwsnsions) szalyses,
startiag wvath that by Msrkwick (1344}, waich kave
prepesed that veriocus dependsat dissesionless per-
forsaacs ssssures of s whes), or tive, or track, ia
tolls, such as drawbar pull ratie (2/Y) er siakage
retieo (3/d4), were functiocas of the seil-vedicle 1
systens aumerics { {

R e e o T TR IR S S T o
v, o

 ——— i - o —nr

o
3

l/ti', 'lvd’, ¢ (Y]
plus some dymamic terms.

Thsy also comstitute a sound sad useful desigm
teel, vhather they lead themseslves te eladberate
systams unalyses or rot, As s matter of fact, ATAC

has utilized a nominal mait grouad pressure which
is

e it o oot e e
L

M?“‘c » 1.1 NUGP

|
i
in vehicle desige specificstions and studies for }
severasl years [of. REPD 62-16, 1961; Wheel Track, 1%63]. i

t

e e matiutiin . S

*?he vell-documented faet (of. Xxluwad, 1943; Snfaldes, 2950]
thst tire 4eflectioa Flays & Bajor roels im $2e Jer- '
formszes of tires, particularly in sasd, {8 serounted
fer {n setting up tie indices (Apy. IXIS ¥y assunisg J®
thet all tires are opersted a2 o leflestion equal
te 23 pereest of seetion helgat.

' ®%¢ = s0il codosion} y ® seil density;
¢ ® angle of fateranl friaties.
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. - . 8nd for Tracked Vehicles

The situsticn with the soil mechanics of
tracked vehicles {s generally similar. Although
the theoretical problem is sizpler st the level of
s first-order solution, it i3 nonetheless complex
beyond this point. At the moment, precision of
quantitative predictions of tracked vehicle per-
formance in wesk soils is low, particularly in
critical sicuations where sinkage and slip are
high and bellying incipient [Wheel Track, 1963].

Available first-order anaiytical methods for
calculating the performance of tracked vehicles
[Bekker, 1963; Evans, 1964; VMEA, 1965]) show that,
us with tires, simple nominal unit ground pressure
(NUGP) overwhelmingly controls the basic level of
performance of practical vehicles. Both Evans

{1964] and WES (in their mobility ‘ndex calculations

for estimating tracked vehicle trsfficability
requirements [see VMEA, 1964}) include elements in
their equations which reflect the less-than-ideal
pressure distribution which occurs under s track,
but in practice these have but small influence

upon the cslculations of ultimate go, no-go soil limits.

Micklethwait [1944) is generally credited with
being among the first to point out that, dus %o
track flcrsibility and the manner in which the

vehicle weight is transferred to the tracks through the
road wheels and suspension, actual pressures under a track mey

vary widely from the nominal or average pressure.
Shortly after Micklethvait made his observation,
tests, in which the behavior in soft soils of &
standard vehicle was compared to that of the same
vehicle fitted with s crudely girderiied track,
demonstrated the validity and potential importancs
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of this fact (Giles, 1945]. Later Bekker elabo-- ¥
rated further upon the satter [1556] and numerous

other investigators since have reconfirmed 1t in

experimental investigaticons {of., Uffel=ann, 1355; [

Little, 1962; Freitag, 1965; Sofiyan snd Maxiamenko,
1965].

However, acceptable mechanical means to pro-
vide effcc2ive track girderization when reeded snd
stil]l to allow the flexibility required at other »
times have not been forthcoming, In practice 1t
is accordingly s question of a trade-off between
maximum soft-ground performance and many other
performance and mechanical problems. The result is
that, despite their demonstrated disadvantages,
flexible track structures have prevailed for sll
but slow speed machines. The feasible design
choice has rather been between the use of = sasll
nuaber of large wheels, which are favorable from
ride, obstacle-crossing and mechanical viewpoints,
and a larger numper of smaller wheels, to provids
more nearly uniform track support, as successfully
done on the WWII Neasel. The compromise of using
large, overlapping wheels (such as was done on the German
W¥Il Panther tank -- for other reasons) isposes
both severe rechanical probless and performance
difficulties in heary soils which pack into the
interleaved suspension elements, and is considered
iopractical. Perhaps scme of the air-supported
track ideas nov under study [o”. PATA, 1966] may
offer the long-awaited solution, at least for light
vehicles. In the meantime, the situation is a
textbook illustration of the compromises which

‘ must regularly be made in the design of any off-
! road vehicle,
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Reecs has recently pointed out that existing
track (zn4 wheel) anslysec have been incomylete in
tgnoring the development of what he has termed
“alip sinkage® {1964, 1965, 19¢8), To he
realistic, calculations of sinkage, end hance of
motion resistance, must allow for the fact that at
high tractive losds the supporting cspacity of the
soll under the vehicle is seriously reduced by the
simultaneously spplied tractive shear {see also
Yong and Osler, 1966). In addition, as in the csase
with wheels, there i.es thus far been no serious
treatment of the track problem including soil
dynamic reactions or other sspects of the complate
soil-vehicle dynamic picture., Finally, agsin as
for wheels, the soil mechanics of tracks is
fragmented by lack of an sccepted, validated soil
value systenm.

Vehicle-Soil Mechanics -- Directions for the
Cruture

As the master link in the chain of terrain-
vehicle relstionships needed to permit the valid
application of systeas approaches, and partioularly
in relation to these needs, much remains to be
done in vehicle-sof{]l mechanics. Xnight and Freitag
(1964) have properly suggested that future resesrch
must be more objective than that of the past. This
is primarily the responsibility of those working in
the field, but they would be gresatly aided by more
serious efforts, direct and indirect, to validate
their theoreticsl and laboratory findings by care-
ful field test work.

And it i3 still not too lite to undertake the
careful, painstaking, uncommitted dimensionsl
research which would realign the foundations of
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the entire vehicle soil mecnanics structure. A

prorerly Jdestgned program «uvuld go a3 lcng way
toward establishing the single accepted soil value
system which has thus far proven so elusive, and
beginning study of the prsctical aspects of so1l-
vehicle dynamics,

Young has recently called the atte-tion of
soil-vchicle workers to » poverful method to
handle the "distortions’' which must occur in
attempting to work with models in real soils having
doth cohesion and frictfon {1965, 1966}. This
problem was recognized from the beginning of soil-
vehicle m.del considerations by Markwick [1944;, It has
bedeviled ruch of the worl since [of. Liston and tlegedus, 1964;
Hegedus, .965; Goodman et al., 1966; Goodman arnd Hegedus, 1566;
Wills, 1567, Reaves, 1966) and led to a needlessly
gloomy outlook on the possibilities for the use of
scale-modeling as 8 practical design tool (r3ather
than a tool for theoretical work). Cthers, of
course, have been more sanguine and have proceeded
sccordingly {of. Nuttall, 1949; McEwen and Willetts, 1955;
Nuttsll and McCowan, 1961 Schuring, 1964, 1966; Schuring
end Erori, 1964; Emori end Schuring, 1965, 1966].

The distortions involved in practical
velicle-soil scale-model work sre outlined in
Table II, taken from Nuttall and Raimond {1956]}.
This table also illustraces sods of the possi-
bilities for explorstory esxperimental study of
vehicle-s0il dynaaic relationships which the
dimensional approach opens.

As another basis for further progress, the
recent suggestions of Reece baar most careful
considerstion [1965). He has proposed that the
vehicle soil mechanics problem be trested within
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the framework of engineering soil mechanics insofar
8s possible, introducing dimenzionless semiempiric
elements only as necessary to desl] with svch things
as unconsolidated soils, extreme stratification,
dynamic preperties, etc., which are peculisrly of
interest in soil-vehicle work, Implicit in his
propossl is a return to the accepted soil value
systew of civil engineering soil mechanics and to
dimensionally sound bssic equaticns. In that respect,
Reece < proposal 1< nct new, ¢ course., The scieral
systems extant each started out in one degree or
snuther to do just this,

Wrile these technical objectives are
important, the probiem of motivation is protably
even more $0. WXorkers in vehicle soil mechanics
are handicapped by 8 long-standing and continuing
lack of responsibility for the correctness of their
vork, Until recently, .here has been no use or
demand for greater precision than provided by the
spproxinate methods they have developed. There
has been no feedback from practical desiyn success
or failure that could be directly related to the
sdequacy or inadequacy of their vehicle-soil
models, Accordingly, every man's answer has been
as good ss the next's, and correctness or
sadequacy has tended to he judged by the number of
integral rigas in published papers. The blame for
this situstion is shared in many places. However,
a8 solution which could benefit the entire veliicle
desigr and R4D process appears tou lie within the
organizationsl framework which governs the canduct
of military vehicle design.
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Other Asnects of Terrain-Vohicle Terhnaloey

Pouphnes«

The dvnamic krhavior of a vehiicle onerating
of.a strone, hard surface ol lnown geometry can
be calculated tc a hieh rrecision bv the methods
of cngincerine mechanics, The elements of the
rrohlem arc the geometry of the surface and of
the vehicle, the mass of the vehicle and its
distribution, the articulation of its nsrts, the
clistic and dampine characteristics of its struc-
ture and Tunning gecar, and the coefficients of
traction of its runnina gear on clements of the
surface. Complexity of vchiclc geomctry and ~ften
cf surface gcometry makes this a problem for
computer solution, hut the fundamental couationrs
arc known and need no particular research. The
uccu-acy of the results depends entirely upon the

detail with which the vehicle-surface systum is

| . ey

modeled and the accuracy with which various dynamic
constants are assigned [Smith, 1965]).

While the behavior of any given vehicle
operating at a given speed on a given stretih of
hard surface is fully determinate, th~ probhlem of
surface roughness and its effect upon vehicle
‘ride” lends itself rather to statistical treat- '
ment. This approach has been under study for some '
ten years, primarily by Cote, Kozin, and Roedanoff, '
who are currently summarizinz their work in the )
Journal of Terramechanice [four parts, sterting with
Vol. 2, No. 2, 1965: see also llolland et al.,
1965). 1t is an important extension of related
studies in sutomobile engireering, communications,
seskecping, and road and airfield work,
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For purposes of statistical treataent, ths
surface 1s considered to be a weskly staticrnery
random process and mav be specifisdie, accordingly,
in pover spectral density (PSD) terms, The P3D *
then becoaes & relatively simple descriptor of
what is in practice s highly -owplex surface.
The power of the PSD approsch is that, within a
range where the vehicle vibratory system may

reasonably be constilered linear, the vibrationsal »
motions, accelerstions, =2tc., of a vehicle cperating

on the rurface srm relatively si1mple vehicle

dependent functions of vehicle steed and of the

PSD of the surface. ®

Other work has demonstrated that hupsq
responses to continuous random vibration may slso
be quantifiable as relativelv simplie functicns of
the PSD of various elerents and compcnents of those
vidbrations [Hanamoto, 1244]. Since it is predi- ® (
cated in terrain-vehicle studies that speed of sa
off-road vehicle in moderately rough-terrain 1s

ilmited primarily by the tolersnces and judgmwents
of the driver, the PSD approach to describing
terrain roughness has s relatively short snd )
; direct linksge to off-rosd spsed. Van Dusen has
suggested that the linkage =mav, for design
) purposes, be shortened still further by considering
the vibration characteristics of the vehicle when
subject to s 'white noise™ imput (which is an iuput (]
having a constant power c-sr a wide range of
frequencies) rather thsa the actusl terraia PSD,
and relating vehicle rcspomse to human respomnse in
three critical frequemcy ranges {196S}.

- a——

There is presently comsiderable concern to »
establish precise human comfort, tolerance amd/or
relsted judgment criteria. Approaches range from
the use of simple accalersmu .a limits [Aspinwall and

&3
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Oliver, 1964; Mathevs, 1984; Ratendery and 3urcha-
crenko, 1968) trrough varfcus datailed factorings
of the total vidratica environment iato PSD's of
various cosnonents [“anamote, 1964; VYan Dusen,
1965}, to an overall “sbsorbed power™ coacept
recently proposed by Pradko et al. {1953, 1785%],
which esploys PSD's of the vibrational environmeat
directly. lIncidentslly, zerliet, the French
designer of large off-rosd trucks in use in the
Sahars considers that the lomgitudinal vidbiaticns
of the driver are most discriminasting [1964],
wheresas most of the work in this country has beea
concerned largely with verticsl sotions aad
sccelerations. Any criterion, howsver, is going
to be statisticsl in nature and variable to soms

extent wvith the physique, conditiom, and £lan of ¢he
driver, so that the practical usefulness of develorn-

ing high precision in this ares appears limited.

In jusmmary, means exist to charscterize &
given stretch of terrain of complex roughness in
relstively simple terms, although the field and
anslyticzi methods are quite complez. Means to
convert this type of informatiom iato actual
vehicle behavior at sny speed exist at all lasvels
of precision. And finslly, ressonsble ressures of
the human tolerance limits which will ultimately

control cperating speeds have been developed. From

the vievpoint of design calculation, the systsm
appears adequats and complete. Lacking are the
orders of magnitude of ¥SD's which asy ressomsbly
be expected im terrains of varicus kinds. Accerd-
ingly, such further work is this sector of the
terrain-vahicle relatioaship prodlem zs is needed
is largely in the ares of eavircnmental research,
to classify terrain in mesningful terus mad to
establisk PSD raages associated with each.
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¥hile the terrain roughness problem i3 usually
discussed, ss above, in terms of humsa tolerancss,
it also has profound and perhaps even more {mportant
use t3 the desijner in estadlishing the fstigus
strass environment within which the vehicle ar a
wvhole or sny of its components must survive.
Suspension components, of course, are most sensi-
tive to variations in speed snd accordingly their
detailed design -an benerit most from this type of
terrsin quantification {of. Blythe, 1965],. Mote
however, that sven here the human component is
important. Rational design should ooviourly be
based upoa reslistic estimates of operating speed
in terrzins of varyiag severity, and these in turn
oTe a matter for the tolerance and judgment of the
driver, who responds to the behavior of the
complete vehicle as he ssnses it at the driver’'s
seat and controls.

« « o Obstacles

Those geometric festuros of the surface which
ars too large in relation to the size and pesrhaps
the speed of & vehicle to de included ressonadly
in the statisticsal description of the terrain must
be trasted, bcth by the driver of the vehicle and by
the analyst, one at a time, as obdstacles. These
include such things as boulders and stumpz, slomg
with more continucus featurss such as drainags
ditches, minor scarps, atc. The prodlem is both
qualitatively and quantitatively well undsrstood.
While in marginal cases some wvehicle dymaxics are
iavolved, simple static snalyses such as first
offered for conventional vheeled vehicles by
Rettig and Bekker [1958) will oftea suffice from

PR IRV




s design viewpoint to estsdlish the first crder go, no-go
sspects of the vehicle-terrain rei.* onship,
S{milar generslized stutic studies cn the oubstacle
clisbing abilities of crticulated wheeled vehicles
snd of skid-steered tracked machines have recently
been publisheo by Jindra [1966] and Janosi [13766],
respectively. The dynamic aspects, such as
dramatically {nvestigated by Smith [19¢5] In the
course of demonstrating the validity of an oversll
vehicle-terrain dynamic model, are, however,
potentially valusdle in establishing maxious stress
levels for which components must be designed.

3asic vehicle fndices of the potentisl to
deal with obstacles on flrm surfaces are such
simple things as angles of spprosch, departurs,
and bresk, ground clesrance, suspemsion compliance,
dynamic clesrsaces, stc. Current work at WES with yielding
obstacles (of. Cohron and Werner, 1564] brings into the
problem ssch additional comsiderations ss the traction
available to a vehicle and the strength of the
caterisls which compose the obstacle. Wiile socae
rough velues for estimating the magnitude of
effects cf this sort should be available to the
vehicie designer, detailed slsboration would not
sppear profitable,

The same may be said for consideraticas of
speed of operatior in fields of obstacles such us
forests. WRS work [Cohrom aad Werner, 1964]) has
demopstrated that under idealized conditions the
Raximon feasible speed of a given wvehicle (vith s
given driver) is s relatively simple functiom of
the mesm specing of the trees is relsticu tu the
size of the vehicls. Ia practical situstioms,
howsver, such facters as visibility in relation
to spottiag obdstscles sad saintsining a desired

aa
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course will usually alter this bdasic relstiomship
beyond recognition. Accordingly, highly deteiled
exposés of this kind of sction caa be of only little
practical use to the vehicle lesigrer. Cther

aspects of vegetation per se, such as their

indirect f{nfluencs upon trsction and/or visibility
would seem to fall in the same category. .

Past Uses of Terrsin-Vehicle Technology in Design

The direct uses to which current terrain-
vehicle technology have besn put sre quite limited.
Such things as nominal unit ground pressurs, angles
of spproach and depsrture, ground clearsaces, etc.,
have been of concern to off-rosd vehicle designers
for meny, azny years [ef. T 9-78300, 1943], Inso-
far ss terrain-vehicle reseavch, sad more
ospecially vehicle scoil mechazics research, hss
feproved geaers] understsanding, it hss been of some
velua. However, the period of the resesrch has
els0 been & period of increasing swareness of off- :
road mobility problems generally, so that the net '
effect of the resesrch per se iz this regard may
sctually be megligibdle.

Prof. ¥W. P. Buchele (Univ. of lowa} has suggested that
one resson for the slow spread of sore refined methods and
concepis mzy be that "the designer tends to use
what he learned in schnol”™ (1554). Perheps still
nore basic s the fact that the terraim-vshicle
rssearch has demomstrated that the performsace of
8 vehicle aff-rosd if overvhelmingly determined by




For the research results have emphusized
szsin and agsin that no msjor gasins csn be made in
the off-road mobility of ground-craviing mschines
without major chinges in overall vehicle form or
configuration. There is no chesp way. There are
20 glamicks whicn will endov ¢ standard 6x6 truck

with the modest soft-soll performance of an MI113
APC.

The basic level of mobility of a rev vehicle
is accordingly fixed very early in its design,
frequently, in the military case, in the detsiled
statement of "requirements” before “the designer”
puts s line on paper (of. Tuttle, 1964]. The
designer -- in this case the engineers and drafts-
men sseking to meet the requirements ia a piece of
workiag hsréware -- understandsably has littls
practical interest in ths broad generslized results
of the terrain-veshicle resevarch to date, which
relate largaly to the form and fundamentsal outliaes
of che design. Scope for the lesigner's efforts
is largely limited to getting the last few percent
of perforsancey withia the tignt and sometimes
unreascnable limits which have been handed Lia.

The research to date simply has not deslt with this
level of decsil, where fundamental considerastions
show tharte is no scope for signiticant {mprovesents.

Such use as has been mide to date of terrain-
vehicle resesrch, and cf vebicle soil mechanics in
particular, has been in a few, relatively recent
design ard concept studies for te militsry. These
studies tre an jmportezat esarly s:s) in tie oversll
procsss by which new wehicles are evemtuaxlly pre-
duced, and are oas sppropriata plece for terrala-
vehicle {inputs to the dedign process. AfAC kas
dswonstrated use of the LLL system im such studies
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(Harrisoa et al., 1959) and in generslired opers-
tional stud'ss [Lucas, 1961]. They also now
regularly uvse this method to compute the soil
performance of proposaa new vehicles for compari-
sof with existing vehicles of known performance

{ef. Moore, 1965; Arno and Bischoff, 1961]. In much
the same manner, the British FVRDE i3 reported by

F. L. Uffelmann (1964) to make somse limitea use ot
Evans' tricked venicle equatioas,

Chrysler has employed the LLL calculatioms
procedures in several concept studies of tacticsl
trucks (of. Jones and Lett, 1963; Lett, 1965], one of
which led to the development of the XM410El 2-1/2-
ton 8x8 [Moore, 196S]. Dugoff et al. used a
brosd base of vehicle 30il mechanics iadices,
similar to those developed in Appendix III, ia a

¢ study of "courled-mobility-devices™ {1964]. A

' recent published exauple of the use of soft-soil

, performance cslculation procedures (both LLL and
. l ¥YES) was ia "Vicksburg Mobility Exercise A™

!

— ot - o

{YMEA, 1963], in which & beginning vas made at
studying the trade-offs possible betveen jnherent
vehicle off-road capab!lity sznd various modest
levals of engineering support effort. Rymiszewski
{ has recently utilized s computer to develop curves
, shcwing tires zud tire comsbinations expected to
¢ produce equivalent performance in soils according
‘ to current LLL theory [1966]. These should find
wvide use in future design studies.

TS

The ARPA/Buships/Chrysler Marsh Screw is ’
comsidered oy B. D. Jones of Chrysler to have beea ;
genersted ia relatively free respomse to s !
functionally stated operationsl need sad associsted
environmentsl informatios, altheugh nems of the
terrain-vehicle calculstion procedurss under
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discussicn were spscifically employed. Jones
points cut that, ty and large, use of enviren-
wentaz) inforsation in the design of general purpose
vehicles has unt:l now been largely “intuitive"”
(19064},

On s far more modest level, as noted earlier,
ATAC frox time to time has used 3 simple NUGP
specification in outlining the objectives of
various design studies of both wheeled and tracked
vehicles,; and Buships, in designing their whesled
amphibians, makes use of the Eklund tire load
inflation schedules for sejecting tires,

Meanwhile, back at the moon, NASA has accepted
the LLi system as & basis for designing and evaluating
potential moon vehicles (Worg and Galap, 1$66}. In
surprising contrast, it is reported that although
General Motors received the prime U. S. contract
for work on the Main Battle Tank for the 1970's
{being developed by the U. S. Arwmy in cooperation
with the Army of the Federsl Republic of Gerwany)
{Apmy, May 1965, Ordnance, Msy-June, 1965}, they
have pot utilizec their in-house capability
st the Defense Research Laboratories in this
effort,

Finslly, in relation toc commercial vehicles,
thers has beez almost no use of formal terrain-
vehicle methods. The known exceptions are such use
as Roger Gamuant made of the LLL methods and con-
cepts in the process of designing his pacesetting
Cams Goat [Joarnal of Terrc ~*hanics, Vol. 1, No. 1,
1964] (ultimetely for szle to the military); Kerr's
lomg use of the Eklund formulas in selecting tires
for equipment for the Arabian Americam 0il Cowpany [ARAMCO,
1953] for use in Arabia [Kerr, 1950, 19SS, 195¢6); the
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crude loading and icaling concepts which guided

the design of the muskeg-going Wusk-Ox for laoperial
Cil1 [Thc *son, 1561): and s.= . fficability studles
nace duri.g the developwent, under the aegis
Canadian pulpwood industry, of the current success-
ful line of pechanized pulpwood transport machines

Boyd, 1962].
{Boy 1.

There is clear recognition of the need for
terrain-vehicle understanding aad sound, organized
terrain data in the timber and pulpwood industries,
as evidenced by numerous papeis cn Zue subject
presented at a mseeting of the Jaternational Union
of Forest Research Organizatiuns (Section 32:
Operational Lfficiency) in “ontreal in 1964. Whilc
it i3 discouraging to see that this ccmmercially

‘entcd group appears to be largely unaware ot the
status of pertinent work already underway, it is
consoling to see that their independently conceived
approach closely resesbles that already undertaken
[Stromnes, 1964; Putkisto, 1964},
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CURFENT HILITARY YTHICLES

Despite the Lue and cry, there have bean messursble
isprovewents in the off-rosd movility of msny of our
silitary vehicles over the past 25 years. Horeover, these
have usually teen accompanied by significant !mprovemeats
in rough terrsin speed, curability, reliability, aad
pevhaps maintsinadility, and in oversll logistic econcey.
The current generation of tactical trucks® with which
the Army i3 now cocasidering rsequipping itse'f {Sissom,
1965] in fact represents z considerabls advance over the
standard equipment it might replace. All are svizmers.
Cross-country speeds in rcugh terrain have teen roughly
doubled, overall dimensions reduced, cargo areas

increased, and ludrication operstions reduced [Hoore,
1965].

The appearance of stasis is due to three factors.
First, the Army, in the past at least, has limited
itseif for sound flnancial and logistic ressons to
reequipping itself with ground vehicles (including tank
weapons Systems) upon 8 cycle of approximately tea yesrs.
Second, and for not so sound ressons, the peacstise
developmernt cycle for military vehicles from the first
glean of a requirement to the time when vehicles pur-
porting to meet it resch the fieid is approxisately six
years, snd has been as wuci as ten or more, And third,
the soft-ground mobility of various olassee of standard
tracked vehicles has indeed not materially changed.

'hoo!gg Vehicles

The roft-soil performance indices developed
ia Appendix III and summarized in Table I of the
preceding secticn vere used (in their original

SYNS6) X-1/bh-tom 535, XNMLIO0X1 2-1/2-ton B8:z8,
and IXS56 S-ton 8x8 [AMC TIR CD-10, Eupp. II, 1753].
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\' form where possidle) to evsluste the seft sofl
modility of the atandard tactical truck family of »
W¥II, that of the 1730-1383 period, sad le new ®
family which s now coming ftato defng. The resul: '
& sre sumasrited ia Tadle I[II, and are typified by

the graphic presentaticm of the results for 2-1/2-

ton trucks showa {in Flgure 1. The tadle and f

‘ figure slso include calculated indicos for a growp [ 9

of vebicles existiag (or nesriag existance) which !
have stil] grester soft grounl mobility, zad wiich
demonstrate how much more soft groumd performance
potentiaj might evea now de built inte working ;
p sachines om tires, ’

From the tsble and figure, {t i3 clesr zdat
there has besn steady progress in improving the
soft growad mobilily of this type of vehicls since
WNI1, and that the availadle pev faxily represests
¢ 8 rignificant {mprovemsat “t¢ 2 degree ast recsg-
faized dy a public almost stultified by the dazzliag
feats of seronauts, astromsuts, snd aqueaautsy”
{Watson, 19¢6]. It is slso clear thet st least oms
more major step in this direction could slready be laken, ' Py

it is iastructive to comsider “hese resuits t
, in the light of the curves of cusuletive vorlduide
frequency of Rating Cone Indices developed by WES -
from snalyses of thelir extensive data o temperats ]
snd tropic soils, and showa in Figure 2 (VIE€A,

19651, While these curves represent s very pre-
liminary picture, therc i3 no question but what {
SRy more complete presentati~m vould have similsry 4
characteristics,

Considering the WWII 2-1/2-tom truck (VCI = $9)
in relation to thess curves, it develops that oa »
vorldwide basis spproximataly 18 percest of

v -
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TADLE 11t

SOPT-CRUND WORILITY INDICES FOR WEELED TACTICAL VEHICLES

(A1l webhicles with siagle tires except *)
Cslcalated frem ertgiasl oquetions (r0e Appendin I]I).

! . 1] c
Ploater { YClay | ¥CI, """ ,r" L ST I
Worid ¥ar 11
Jeoyp axe 47 30 $.2 [ 5] 3.6 3.3
/8 Y 4xs 5 34 3.9 | 24 3.4 3.8
1-471 1 txd iy 34 3.9 12} 3.4 3.0
(3 ¢ (3] [ 2] 41 3.7 ”” 3.0 4,7
193021988
x1s 176 T axs 9 24 3.3 109 1.7 1.t
n37 3/4 T 434 53 3 ) 4.4 b 3.8 4,2
; nse 2-1/2 7 oxp o2 » 3.9 102 3.4 4.4
; »ay $7 exs 3 1] 4.3 4 4.1 5.7
198-0
nisl 176 ¥ axe [1} 14 3.0 198 2.4 1.7
mse ) 1-174 T axs ¥ o 22 1.2 122 1.9 2.3
ey en) 1.3/ 1 tad 1 4 30 s 1.6 1 I.4 1.1
iy 37 57 dxs ’ (7} 4 S Y 128 1.1 3.0
Dle) T 4xe 14 3 49 3.3 134 3.5 8.8
Came Cout 1T 08 14 30 18 .0 118 1.6 3.0
by VY 1.1/ 1
18x1% ’ 3 11 ¢.3 144 .3 1.0
Calf tergy 3/6 T 424 ’ 12 y | 0.2 j1ea | 0.2 | 08
Power we
w/Terve-Tives 3/8 T 458 3 13 1.8 136 [N ] 1.6
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tewperste vet season ccnditions, 14 percent o
tropic wet sesson conditicns, snd some 43 percest
of tropic and tesperste high molsture comditions ia
level, fins-grained soils would be untrafficable to
this vehicls. In compariscam, the correspondisg
figures for the new XMIISF1l 1-1/1-tom 8x8 (VCl e &4)
voeuld be 10 perceat, 16 percent, snd 32 percent,
respectively. By vhatever measure, the srees
wntrefficable to the newer vehicle are reduced by
30 percent or sore.* Further, the YMEA 10x10
concept machine would find that, ss compared to the
WWII vehicles, sreas uatrafficable to (s werc omnly
one-third as extonsive.

In comtrast to the rest of the mev family,
the 8-ton GCER 4x4 (XMS21%1) comes off badly (vee
Table IIl). THho original comcspt of the GOER's wae
that they should de extra hish mobility vehicles
with rerforrmance to match that of tamks. This wvas
to be achieved by the use of the articulated four-
wheel lzyout of commercial earthaoviag scrapers,
with large diameter, lov pressure tires, all-whoel
drive, high power-to-weight ratio, and 1ightweight
design {Johnsom et al., 1959; AMC TIR 30.3.1.3,
19%4; Harshfield, 196%), In part because eof its
having gone over its design target curb weight by
soms 55 percent (and heace over ths designed
gross veijht dy mearly 30 percent), the powr-to-
waight ratio of the $-tom GOER is sarginal and all
fine-grained soil mobility imndices indicste that
its soft soil performsnce will mos match that of
current main bsttle tanks (see Table V), aad that

SAs this repert is finslly frosem-<dug 66--
there ars sigas that the INA10Z1l may de a &ead dnekx,
regardless of its perforsance potential glnn,
1966; Austowotive Industriss, 1 July 1966].
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ft will te danied aciLess to gpproximately the same
preocrtica of the worid's level terraia as wes the
VYI! fami{ly of tactical cargo trucks, Moreover,
in comparison to the rest of the newv truck family,
the tires of the 8-ton CCEIR are somewhat over-
losded even in sandy solls.

Of course, the sisple soft soil mobility
indices calculated do rot tell the whole stcry of
off-road mobility or even of soft-gromnd mobility.
The larpe aotusl tive dizmster and corresponding
high ground clesrancs of the GTER-type of machine
will permit it to operste successfully ia deep nud
underlain st ressonable depth by s hardpan, whera
some of the other vheeled vehicles might have
difficulty. Also its use of frame articulatica for
steering and to insure good conformance to msjor
ground i.vegularities is a aocbility advantage which
cannot be quantifiod at this time. On the other
hand, the 8-ton GUER is umsprumg, so that the over-
81l picture can hardly be considersd one of
progress from s ground mobility viewpeoint,

Although the general situation with tacticel
vehicles on tires is ome of advance iasofar
as mobility is comcerned, wvithin the last several
yesrs there has coocurreatly been coasidersble lost
motica in various sttempts to build (on both wheels
sad tracks) tinv, gimmicky "toys,” to give every infsatrymsa
Bis very own pair of powered roller skates (of. Harrison and
DeStefanvy, 1962; Bischoff, 1964 ; Fuller, 1564; Uaberger,
1966]. These attempts have necesssrily ignored the
scale of nature. A very sasll machine gives all of
the leversge to aature a&nd literally makes mountains
out of molehills. im additioa, thase efforts have
genorally beon pursued in the fallscious belisf
that because the vehiclas are small they could be, even

e ey —————
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sust te, cherp snd zimple., Cuite Ve raverse i3

ia fact true. Tre con.ept of & cheap tad sizpiy
ground-crawlicg, toy raglc carret {3 doomwsd to
fallure end slvays wiil be. There i3 some

¢vidence that the harsh erpertiences of Vietnas aay
be, tewporsriiy st least, lesseuing enthusissa for
such a gadget approach {"Fashions in War,” Feveweek,
27 Dsc 1985].

Tracked Vehicles

{n contrast to the isproved soft.ground
nobility of the new tactical tirucks, the dasic
soft-ground mability of various claseev af tracked military
vehicles has indeed remained largely wichanged for
& number of years., Despite having achieved rew
levrels of dursbility and relliadility and consider-
able incresses in fire power, the mobility
component of tank veapons systems, for exaaple,
has remained relatively constaat. Their nominal
unit ground pressurss have siayed in the same raags
for nesrly 40 years (Fig. 3), aad the basic form of
the tank has boen frozens for some 25 years [of.
Ordnance School, 1953; TW 9-2300, 1943, 1347, 1953;
™ 9-500, 1962].

Early experience with the first ¥¥I tanks was
epitomized by Cromptoa in a rscommendaticn that
their gross weight should be linitsd to sbout 30
tons and their nominal unit grommd pressure to
sbout 9 psi (Legrus, 1921]. Some 35 ysars later,
Uffelmana and Evaas comcluded their post-e¥I]
(1953) study of tank operstiom ia the North
Zurcpean plains by rscomseading that the gross
weight of tanks for use in that gemarsl arec be
limited to spproximstely 35 toms and tpo'lr sominsl
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uait ground pressure to 8 psi [1968]., While these
Tecommendetions have been hesrd [ef, llesre, 1983;
Butterfield, 1766], neither sppesrs to hAsve Lsen
hoeded, axcept perhans by the Russians [ef. Miller,
1968,

Some simple numbers bearing cn task perfors-
SAcS are synopsited in Table 1V, which shows gross
weight, planform loading (see ister), calculated VCI for
50 passes (YMEA, 1965) and for 1 pass [WNRE, 1965},
horsepowsr per tor, &nd approximate speed in rough
terrain for a small numter of successful main
battle tanks spanning a period of nearly 40 years.
Exploitation of the vast incresses im power made
possible by advancing power plant technology, which
has been capitalized uponm in sircraft to increase
their power and hence their speed by a full order
of magaitude or more in the past 25 years, has been
limited during the same period to aa iacrease in
tank horserower-per-ton by a factor of only 2.
Potential tank aversge cross-country speeds have
perhaps quadrupled im nearly $0 years. The
fsprovemsnt which has been wnofficislly projected
for the US/FRG Main Battle Tank for the 1970°'s
(KBT-70) represents essoatially s "drute forcs™
spproasch, for ths little published imformatiom
indicates that the current mobility eemoept of that
vehicle fundsmentslly differs but little fros that
of fts {mmmdiate predecessors. Ia short, as of
the momsnt, the cross-coumtry mobility of today's
tanks is "only marginally bettsr thams sces tanks
desigued slmost 30 years ago” {Ogevrkievici, 1961].

Begisaing late ia WNII, the U. S. Arwy
pionsered the development of armored persomnel
carriers (APC's) for infamtry [Ogorkiewic:, 1%83].
Tho currest seccessful U. $. versiom, iz werldwide
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use, s the Mil13, ind its recent diesel tvis, s
MI13A1 {Ogorkievic:, 1%48]. Volume production hLas -
browght the cost of this tracked vehicle down to
sbout $1 per pound [Cgorxiewics, 1764}, 2ad loag
detailed developnent has resulted in high relia-

bility and good cdurshility. Moreover, the dasic *
K113 trsck-laying chastis has been util'zed for

vehicles for missile carrying, command, aad cargo

fonctions [AMC TIR 33.7.2.i, i794) which share its

performance, relisbility, emd low cost [Juian, ®

196S]. This bastc family of vehiclet hay 3 gross

weight of 10-13 tons, s nowminel unit ground

Pressure of 7-8 psi, calculated VCI's of the order

of 45, and has demcastrated gemerally good soft

ground mobility both in tests [USAT3, 1962} sad 'Y
field operations. The M113 has proved highly useful 1a

Vietnam (Stafford, 1385; Battresl, 19667, although

its mobility there still leaves something to be

desired {of. Moore, 1766], particularly ia relatios

to crossiag the cmnipreseat cmasl: aad drainspe ® )
festures lef. Congressional Record, 5 Nov 1383].

Ia those arvas of the world vhere the bulk of cur

current staadard wvehicle family is patently

insdequate, the M113 family cowld be comsidered s

viable stopgsp [Moore, 1966]. »

There is » third impertanc class of U, S.
military tracked vehicles which traces its .amedists ancestry
directly to the Wuil Yossel (Churchill, 1945; Silverman,
154¢; OSRD, 1%46]}.® Comceived essentislly as snow
vehicles, machines in this line of developmeat arc o ‘
charscterized by relatively lew loed-carrying cepacity,

"The first sasall, self-propelled tracksd vekhicle
designed specifically for smav eperation appears te tave
Yeen the ¥elselsy noter-sleigk, ussd Dy Secott eos biy
1909 Aataretie expeditios [Leg-os, 1918].
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pomiasl unit grouad pressures in the order ef 1.}
pei, YC1's of the order ~nf 10, sad gemerslly cwt-
stard:ng soft-cail wodility {27, USATICOM, 1963].
Thls line has recoently bdremchad t3 the devilovmest
of the first articulated tracked vehicle to be
ssriously consideree for standardizstica by the

U, 3. Arwy, the IR37: l-tem csrrier® {AMC, TIR
11-3-1R21(1), 1983; Defense Indussry Inlletis,
Mrch 1966, The oversll off -rosd performancs of
the X371 Aas been fownd te De excellent {of. USTNC,
1%e5]).

Phe Swedish Arxy sseepted the 1-1/Vten
ru.u artfsnlisted BV-300 for treep wee iz 1961
Ogerkisvies, 1963].
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« . Ye. Foraim Militsry Yehicles snd
Commarzial Yahicles
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¢ On the basis of veriocus published reports ; ®
& fef. Cgorhiswice, 1962, 1963, 196%; drewwr, Jaa-Fed l &
1988 ; Ingineer, 13 Sep 1964, 16 Lpr 1965; Ordnanee, i
How-Dec 1763; Miller. 1966 : Mever, 1966, Butterflsid, f;
) 1262}, cer curreat tracked wilitary vekicles, sad i.; ’

porticelsrly our meia battle tamks, apparently have the
‘ 3689 order of besic crvss-country mebility ss those af
; Say ztoroige couatry, excepl perhaps the Russiams, vhose
; wain battle tanks may have nominal wmit groomd presscres
) ‘ #0ra nearly in the vange 9-10 psi tdam the 31-12 psi
, range which chazsctarizas cur ows [Millier, 13661,
I

Tadla ¥ presexts calculisted wahicle cone index vogquire-
went: for current mediun ssd main batile tamks, bBaszed
wpon publisked informaiion

4 Our iighter tracked vehicles, if met supevior, st
l1east ire guserally eguivelent to foreign milizary
wechines 3f the seme clsss {ef. Ogorkiewics, 194}, 1963,
1944 ; Bsughzan aad Driaksrd, 1961), wvhile cur sow faxily
of wheeled vokicies appears distincily sere wobiiv
e ‘ than saything epparemzly forthcoming from friesd o7 fos .
lef. Ogerkiewicz, 1782, 1983; Inginver, 1% 5ep 19643
huwm, 1964]. Omce agsia, the sxzoption asy b jome
i Re3siex syuipssat. Csatiaxiag Rzasisa spgrocisties
of ceatral tize inflatiom control as 2 =20bility fssiure
{ * {of. Knoves, 1956; Lavrentyew, 1938; Ageikia, 1368} 'Y
h acd misceilansoes pudbiisked work of vedicie-scil

relations, off-road suspensions, stc. [ef. Xrestovaliiny,
1958 Teesrehuk, 1938; lofarov, 1%60; Rllisesv, 191

‘ Rokas, 1963; Rezev et el., 194:Y, suggerts ths? their
¢ ' Sest whveled vehicles may be vsiy goed. Om she otder

, Mand, their Alerrrchy tee 3ay ¢ largely wmamwere o¢

| the iaplicstions e the rveseerch rosuits foxr whick

' they heve peid.
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TARLE ¥
CALTULATED VPNICLE £°wE [v™71 ¥roulFREMr TS
POR CURRENT MIMiiM AXD MAIN BATYLE TAYXG! ®»
U.S. Kéra2 $2 15.8 11.7 (3] 4
| =% ] 31 18,7 18.¢ (3] 33
oAl $2 14.¢ 13.1 [ 31 i 9
Russisn TS4/5% b7} 14,2 io.3 9 3%
T19 3¢ ix.8 2.8 13 33
Ceraar ilsopsrd .2 13.6 1.5 L} 41
British Chiifrain 3 i2.1 12.8 2¢ (31 »
Yickers 37 T, 37 3.9 10.8 2 1%
Pranck AXXYO 37 19.1 1%.9 &9 »
Swedisa 3" 39 14.8 1.3 33 82
® @
Svles Pl41 48 1.8 1.9 76 43
!yocessacy parcoeters ~stissted frew pedliishod $aformusive -
see Tadle 1V,
Iynzs, 1569, »
Svsez, 1963.
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Our currvent military vehicles say slie de
conpsted te the beet of thoss used in normal
Cosmercial off-rcad opsratioms. Tommwrcially
produced vehicles for of f-roed cparsticas fall
020 seven brogd categuries:

1) sgricuitural tractors

1} earthmoviag equipaext

5) wmining #nd comptructiom vehicles
4) vwehicles {or off-reed treaspert
$} logzing machieos

6] vwshicles for nil fieid and similar
erplorstion werk

7} sperts wvshicles

Ezcapt for tha sports vwehicles, the trend ix all
thesy commercisl machines is torard biggy? uaits
opsrsting on blg tires, usizyg diesel emgine pawrer,
and increasingly with ali-wheel]l drive, As yst
2hcre has beea very 1ititle extezsive use of sxotice
vaikicles such e groumd effoct machimes im the
off-voed working vorléd, Thomsom sad Hemstock coe-
cinded in 1563 that such developments would aet
hare a prufound effect upom coemarcisl off-rosd
traaspore.

The oxly lead-carryiag cownerciasl wediclss
which g1 dacidedly sperior teo evea ths best of
Gay curveat femily of =milictary vehicles froa aa
‘eft-reu mobility viewpeint, perticmiariy ia soft-
" ground coaditions, sre soem of ths essentially
hemd-dwilt, low growmd proasure, trseked mechises
23¢d in ofl azplarstiom work. The showmiecs
vehicies are the Robix-Nodwall 1ims, culminatiag

in che RN209 12-tem carrisr [Rebla-Nodwell MNfg. Leg.,

18535), =aé the Musk-0x 29-tca carvier {lwttall and
Thamen, 1280), £1l first éosigned for eperstien
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{a the difficult summer miskey conditiows o7 Nerilers Caxada,
The latter two mechincs are particalarly impressive,

Both are erticulated (on difforent schemws) and

bath hsve demonstrated te abilicy relisbly te éo

big jobs in terrain cowditioms fwpasschie te say

comparsble nilitary mackiae., B3tk agwe been

scrutinized ¥; the military whe, ia tholr testing,

bore cut thoir high level of workiag wobility

{USAT3, 1962]. As of the wmoaaas, howsvsr, this .3

s far es the intersst hes gome.

Ot2or successful low grommd pressers tracied
vehicles for ths oll industry are me7ve comveatiomai,
rkid-steerad, with wido trscks, narrow bellies, zad
relstively high tzack lomgth to tresd 7Tatics
{W/T » 1.2 is »ot uaunsual) [ef. Robia-NKodwell Niyg.
Lté.]. The Army s=d the ¥avy have bought 2 modest
sanbder of K¥-110 axndé XN-7S rehicles for use ia
Alsska {Case, 1951] and Astarctica [USN, 1964, 1263],
raspectivaly, vhere they have ia geasml perforsed croditedly.
As im the ca34 of othsr low prueductiom, special
purpose aachipss, Reowever, these vehicles z0e
detigned insofar 23 practicablo arcwad cosmercial,
off-the-shelf composeats, vhich hss mezat both thst
thelr curd weight was not a3 low s3 it mizht dawve
been bad optimized coapoments heer availadla, =d
thet their ruggesdnsss and 2elisdilicy tonded 2o
fell short of aliitsry idesls. They wers conrcsived,
Rowaver, within a typicsl commmrcial desigs emve-
lope vhich pirced pezformance 234 scimomy ot the
top of the 1{et sf pricritiss saud reisxed naey
sthar consireiats wpes the dosign vherswer this
proved pecsesscy t¢ schiows these gosls, Together

-

T O A RIS IR IR AL T e

U

L (]




PATIR RE O S

M

. mcarn—b b Maﬁ‘-—»“-‘

vy - e e e

- g —— T e WP we ®
M T AT S e p——
[ N
. N . >

o

-

- ———— .y -t - o

with tihe larger articeisiod aachimes, they
demcustrate clesrly that wvher the job ta

be done czn de tpecifled, znd whers coastreints
are sidordinats to functiowsi. voquircuonts, the
probloms of of {-rosd eobili¢y caz be scivnd la
felatively stralightforvavd, aonmonsirows woeys,

Ko Bunning Geer Confleuritisng

¥hile oll surveny saccessful eff-read vebicles
are Souated os tives ¢r fractks of relstivsiy con-
ventiopel srrangoweant and mecheanicsl detalis, &
susber of sitesnatives bave beer dropesed ia recsar
yorrs, with varying degress of success. Hy smd
large thess siteraa2ive groumd-crawling schemss ars
sined at improeving vehicle soft-groumd cressing
sbility through the reduction cf zomimal wmeit
grocrd presyures (NUGPS, the csductiom of peak
peesseres 2ud/or {unwittingly or mat) the provision
ef » oeu dagree of verighiiity in the groead camtsct
pechzaisn better te satch veryisg gromd camditices,
The basic comfigurstions cxa sfton M Droedly
traced 2 lous wey back la sff-vosd weklcle hietory,
w2 peaw wrinkiss havs been 2ddad md slveamtagw
2aken of new astorials aad tpchecloegiss.

Yhe moot gueceriful line of wow devsiopoont iz
sf€f-road Tumniag gusr 2 £2ie hav bees the wilree
iow prossure {1-3 psi} peeumstis Toller camespi
Piomeerzd by ¥illiaw Albes {2 the aarvly 1938°s
with his "Roliigon” rumwing g2dv 8R4 protstyps
vekiclan esploiting ¢ [Movilie, 1%84; ¥ord a4
Nilzaem, 1934; Sincnds, 19531, Tho ceacept has
sinee breacked e twe limes. Fise?, 2 ceaiymatias
of the totsl Roiligon conseyt, ivcimdizg wse i thw
bag sz 3 ealler, resivaimd beatwesa the wehlclses
md tho grovad 28 in 3 viilsr Mearisg (Tashow
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then 25 a vheel losded through 28 sxlal), zad drive
by friction gt the lcad-carrying contuct af ths

tag vith ke drive/lsed suppart rollar cun the
vehicle {rethey them vis 2232 tTogmus)., Th2 totsd
arrsagesent iz ax~loited e » swsll numbes of
framo-srticulasud nature 422 snd 2:z3 Relligew
vokicies bulbllt iz vscent yrsry Jor commercizl use
[REulligon Corp., Howntem, Tesas], osnd is the Alroll
Track wiich wili be rewchad upom lster,

The eriglacsl Rolligex camexpt gleg rigeeved
ke guecsviiul commmrcial derslopmsat by Coodyear
of the Terre-Tivs {of. UAvells, 1964; Coodyear,
19¢0). The Terra~Tirs iz slsc = ultes-1o4
Fressurn pasnxiiic bae, dut, like a3 mmre con-
veniional gize, currios ths wehicls lcad fhrovgh
tve esle, wad is drivem by temwe agpplled to its
azie. ¥Yulle Tezva-Tirws sre sow aveiladle |2 azay
#2032, they sre geperslly vide inm reletiom to ghelr
diamster, ¥hich 3 not comsidered desirsble fros
2 sctl viewpolint {of. Hekkezr, 19561. Hovaver,
thers proportions pesrmit flreing vives givlag
low HUGP's ¢o worw-st-jess moemally proporticuesd,
poruaily laid cut wekicles, anxd the porfornmuacs
palns fron the lewered SUR hzve ia fact far eut-
weighed say theoratical coasideraticms {sf. Swamp
Fox 11, 1584)}. Todsy, Tsrra-fires 275 ip sucussa-
f2} use coa vehlclivs yaaging from suck relatively
zorRs! Bschines os ths 3Y/i-iom &x4 Dedge Powser
Kegos vo lightwslght 4x4 sarsh bugzisz which flose
%% the Terza-Tires slnes {of, ARDCO, 19841,

Ur2il recestly, tirss of abent 13-f002 Ivessll
dizmter vore comsidered the practical saxlmum sizs
{Caelf Kerzh Bagyy 120 x 33.5-8448; BARD 35.08-4%;
L2Teuitoosr 43-61) becanye 5f beth mamnfacinriag
zud shipping prodlems. Howewsr, the potesnsial of
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etill larger tirwg, 4= wuch lavger .8 somo

instances as to repfosent & qusiitative change
rather than s mere quanti‘stive one, kss continued
to exercise the ifmzginstios. A, Y. Roeo, (rnads,
for example, proposed 2 while back s wobile oil-
driliing plagfere for muskeg vork -- conceptually
sirllar to the barge-mounted offshore rizs now in
wids use -- to de smounted on four $50-foat tires
10ll week, 25 Sep 1°81]. TIPreliminary triasls at
suall sczle of a now method of op-the-site tire
comstructicn, by waeving » larte number of rela-
tirely wmansageable-83izs molded gtraps. have indi-
cated that suck tites couid practically be bullt
and shipped (in pleces) [Naohixa Deedygun, 15 Aug
194S], Yo ivoediate militsry usefulness fov such
large t:ires i3 epparent, however., Ths mijitary
terds to shup, whsre possible, putting so meav
eges in 3 single basker.

Owing its prosent feasibility direcily to
the deveiopmwent of the Yzrra-Tive i3 tha Afroll
tzack-cum-wheel arrangement [Yro:ok, 19621, Thia
i3 & chain of free-vrolling parumstic rollzre
circulating #sound a3 fined ponton through whicvh
thay evo losded Is sinilar fashios %o the Rollirom
roliers  sad drivea by means of the chain com-
necting their axiesz, The basic concept is old
bt hus tskzn ou aew sigoificamce through the
avrilabliizy of Terre-Tires, 30 23t ¢he clicu-
1gting wvhesls wmry have vezsonabdiz growad pressures
a3 wheeiz and slso provide & degree of suspension
sction., Saalil vebkicles employizg this type of
propuleise {ixtomot{ve Induxtries, ! Do 19621
see ander ztady by the U. 5. Marins {erps {Lyle,
1945, Belier, 1%¢8). WES tyefficabilicy tasks
&7 &u wsvrly lask-ap (Zaeh vud Rule, 19851}
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and cross-country tests >y the Marines of & wore
refined version {USKHC, 19465] heve shorn the Airoil
track to have excellent perforasace in extremely
soft soil conditions, muskeg, etc., although
ovsrall their basic perforsance level sppears to
bs similar 2z that of a good, low grewad pressure,
trecked vebicle such as the K116 ot the articu-
fated XM371., A clever variaticu oum this themw i3
the toy-sizze Canadeir Fickar veaicle [Caasdalr,
1964].

Oz a firm surfece tha track rollers reil
betwesn the grourd snd the ponitom with 2 super-
ficially fascinating 2:i oeverdrive e{fect; i.e.,
ground speed (if there is no slippsge) is txice
"track™ chain (or axle) spead. Ia wery sofr guing,
the Airoll system comverts itsslf into a relatively
sormal trark having a snal}l number of very lrrpe
S8t not tTuly aggressive grousers, which are the
wheels, aad the vheels thea slip, 5 the pomtom
or on the ground, rather tiim roll. However,
except om hard, slippery suriaces, their external
perfcrmance (w0t comsidering efficiency) is good
{USDeC, 1965].

A futther varistion of this thesy (i.e., to
rol]l om smail vheels iz goed tsrrain and to werk
with 2 large whoel having lzrge growsers ia bad)
is the lackheed star wheel propesal by the Forsyths
brothers {The Sngimder, 1 Oct 1365; Jutonetine Indxetriece,
15 Apr 1965). Iz this configuratiomn a large
“wheel”™ carries tiree drivin miasr wheals, xad
driwe way sslectively be swpplied either te the
saalisy miser vheels sr the entlire cmitellstiom,
a2 maceszary. WMiile there has thas far been me
peblication of a drivs mechaaiss, it is temptiag
te sarry this comfigarstion to Albes's frictiom
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Rolligon-drive, Ia 2uch & asaner that the aizor wheels weuld

be drivem, by skia frictica, by meens of o centrai
sux wheei. The major visel could thes be drives
vhezr needad dy siuply locking tho minor vheels and
roaning the sum wheel {2 a low gesred reverse.

The Nertrrup tve-wheel “vsiling bagle,”
sppareatly comceived ladependantly of the Forsytihe
star wheol, {8 in some respacts fimctiomslly a
two-vhes) versien of 1t. In this comcopt, the
vekicle {2 suppertes on four tve-hesl begies.
fn acrasl operstion the wheels are drivea and the
bogiex float, snd the vehicle {3 an 8x8. Under
apecisl circusstices the dDogies may be rotated
snd locked {n such position thst omly fowr whecl:
sre in contact with the ground ftwe wheel dsizes
are possivle); or, as still sasther, the bogtes
thenseives may be érivea cdeut 2delir pivots, ts
a2id clisdbing, or 2o provide, similarly to the etaz
wheel, 8 largs wheel with a dig bita and & bumpy
ride {Leo, 19656!.

& totally differsnt series of developments
has been born of the successfui demoms®rstica of
Zovercrsfr, ai? cushion vehicles (ALY's), or
ground effect machines (GEM's). The GEM {iself
is, of course, iwmedistely 2 candidrte for off-
rord servics, psrticulsriy where the grommd cas
svpport only the most sodrzt loadings {ef.

Sickles, 1968; Fuchs, 1986]. CEiM'sc have bdeen
success{ully dsoonsiratead for Sreemlamd Jc2 Cap
use {Abele, 196¢) and fsr high speed military
petrol werk o the rivers of Jorzec [Jeverixg Crefs
& Yydrefetl, Way 1340) sad Yiatzem {Fow Fork f{mss,
i3 Nay 196¢}), fer example. Although skirting
developtents Rave Teduced pewsr requiremsnt: ta
spprozirately 30 HP/T for hovering {Fovering Crefs
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d Bydrafodl, June-July 1788), muassrous provicay %
¥ith slopes, chbstecles, sven moderstely-«<close-
speced trees, Jusi, fagesled send, ete,, resaia ts ¥
o¢ solved. Current thiniing 3eeme to te that treiy
Rest {ysodiates wmilitery usefulness will be fx
aaphibious opcratinsng, such 83 for hizh speed $
transsort ok lomg over-the-vater ship uaiosdiag
jobs (3aes-Allea,. 12¢3]. The sitartion mith GM's
' 12 5e4X1 chaaging repidly. MNew possibilities fer
exploiting the Coande affsct to reduce power
reguireascts -- sand hence te 2aslicrate all currest -
problems -- receatiy suggezted by Reba [1764],
for sxasple, as7 drastically sltar the pilciure
vithia ¢ fev vesrs.

Ia an effort to overcome somwe cf the curresi
dissdvantages of GZX's, in off-rosd terrais (amd
on the road as well), numercus hybrid CIN comcests
Agvs been proposed, in vhich the hovercrsft type
0f ai7r suaport is supplexented ia sdjustadls degres
1 by core novmxl groumd-cresling gear, zenorally
wheols [ef. Bartelsom, 1383; Cemiai, 1964}, Tiese have ] ®
: net yet provea particulsziy successful {Sickles, 1965] end 8
{ study by Uffelsams hes iadicsted that they are mos
! likely 9 de {1986]}. Owe sree of poasibly swccess-

! ful Lybridization, bewever, might be inz ithe developmeat ef
| & CTM ferry for military vse, desimncd te operate

! ! cver Tozds aad trazils sisply 22 & relatively

) i aoreal 19-12-footxide truck, with 2:de plsnume

fulded up ts form 8 deck cargo, and to cperatd

over wetsar 83 8 true GZM with 8 vidth of 35 1 2t

oY 0T,

e e e e e o

A second limo of developusat waich begxs &3
s seswlt of GEX expsrisace is the air swypportsd track
[e7. Sertelzem, 1%63: randy, 1364], vhich msy de comsidsred
. s hydbrid of ¢ “'fferent styls. It i3 curreatly ®
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exemplifiod by the PATA vehicle (1%766], whose
design was {aitlsted by the U, S. Army Trams-
portstioe Resesrch and Eagineering Cowmand in 1989,
This vehicle cscrics ¢ track which, betveen the
sprocket and {dler, is pressed to the grouved by

the vehicle'’s veight through s plenun air clamder,
the lower side of which i3 ths flsxible beck of the ooving
track beit. This eliminates the road wheels sad
springs of a norms) tracked vehicle and, if the
track were ideally flexible, would provide s nearly
uni forn contact pressure thAroughout the comtect
sres regardless of ressonable groumd roughness, &
sitaation both theoretically sad practically to be
desired.

Prcblems srise in "sealing™ the air chasber
which, because of the difference in pressures
(approximately ).3 psi on the PATA vs, 0,2 psi on s
GE}), must be solved quite differently than on s
true GEM. The basic PATA concept asppears
functionally competitive with Bekker's earlier
fluid-lubricated skid track oa a pneumatic pontom
{1353]), which has never been seriously tried
“in aetsl,” largely becsuse {te sesling prodlems
sppeared difficult.

On the PATA prototype, sppareatly as 8 part of
. the solution to ths sealiag prodblem, the air-
supported-tread concept is combined with ome of
preumatically inflated clements between the track

. belt and the ground, basically similar to that of

a Jspanese marsh vekicle of the esrly 1940°s
(iloville, 1954].
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Ia prototypes of beth tie Afroll ead the PATA
Comcepte.® the spacs reaqxired to acrowmedste the
resaing gesr is relatively vory larpe,

la assessisg
their perforsaace 1a soft seils, the sdvantage of
the low nomizal unit ground pressures which
charactorie thea both sust be taken inlo sccount,
axd only the resicdual {mprovoment credited t. the
¥ olexents, and balasnced 2gsiast thelr fpace, walpke,
! aed other costs,

Tww sory wauzce]l developmeats ie raamiog
gekr comiignrations require osmtion: wslkiag
vekicies and archimedeas screw-propeiled vekicles,
Keither typs i3 nev.

Tus very first ¥¥II! comcopts {1942} for the
vekicle whick subiequently seczme the Wessal ware
daseé vpon srchimeders scrsv propulsion [CSRD,
1946, ia part decavse sevaral wvedicles om this
geaers] pattera were ther roported te hsvw boen
seccossiul in deep sacry overation. This epyroich
vai dropoed dscause of obvious prodbleas whenr
operatiag iz firm tarraizs. Hewsver, ths ides
will mot dis {of. Cols, 1%81}.

' Ths curreat revival of interest i archirsdesa
i servx vshicles cemters upem the Chrysler/ARPA/
2uships 3/4-tom pavioad amphiblieus Xarsh Scrww,
dasigned in 1962 for infsatry suppore ia the wat delts irses
i of 3outh Yistzae [Sewmsyer, 19383; Neuwmeyer and Jomes,

®Ia pessing, i3 {3 seggective that the Alrell, ke

. PATL, azd the major/uiner vheel seasepis ore oV baiag pre-
t seted ¥y vVias ere dasically sirsrsft campemies, 23 vas ths
t' Cans Sost. Hovever, i1 l¢ zlss suggostive tlat tae

; catranncled, isagiactive asresyect {péralry, givea
responsitility Tor meor vedicle dasiges, over<

wislniagly proposes seskines (3% cus ¢f 37} ce

vdeels [Xomano, 196%1].
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1343}, Oa this skid-steerzd vehicla the tws covmtir-

rozutiag rotors eve large omowgd to flost the sedicle *
at its gvois vekicle veight with its ka)l cloar of

e wstar, As a direct ressit, its water perforsasce

is good {8 mph), 224 a2 aa indirect {but sot accidental)

resnit, its performsnce is mud and weak, wot terrains

f2 excellent. 3. D, Jomes poiats out that §t3 "spec- &
trus of performanca is slmost the reverso of that of

conventionsl vehicias™ (1964); 1.¢., it purfores best

, i ia the wettest conditions (iacluding cles? water) whaze

trucks are poorsst; vorst oa-vosd, fer axcasle, whers
trucks ere bost {Saight et gl., (964}, Since much of °
the lLasic indigemous Vietnamese tTaasmart systewm is the
Meksng delts i3 dased upow zamals rathéey thaa roeds,
E this vehicle's revsrsad spectrum misht reve asde it
useful to the troops (n much the sasy sasmer that

the "jecp™ 15 ia mors norwal situations: sbla e
sove vell ia the carsis, with comatdaradle but mot

unlinited wobility ia “odf-cenal”™ tervain. Seeking
perfection 7ather thaa utility, and aindful of the
astush probies os the watarvays, which 13 similar
to that ca the roads [cf. Saith, 1966]), a saries of
stateside committeos, in esrly 1984, Jecided uponm
furiher researc) rather thea productios. The
concapt is moe being ressarch ta desth jcf. Dugoff
and Ehrlich, 1%6¢}.

+
o rmma s —————— p o S——a s

Despite the fs2t thst zar does mot fly by
flapping Xiz or aay other wings, or propsl Ais
bosts by ssshsyiag Bis tail sdout, there ars sasy
wivs fesl tRhat owr off-reed vehicles would be wastly
{eproved §{f they fusstiomed mors searly ia lhe feskion
of n2turs’e swccessful lemd-goiase models. Wsliing
28chines of vurions kinds azad 211 sizes sppear
vogulasly ia the pateat literaturs bexinnizg over
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ore husdred years aso [o/. Xichelss, 1840], None-

theless, excopt on huge surip mining plant as

descrided by Xamm [1968], and T. Tucker's momstrous MAVCERELAS
#8iling barge for tha ss2deeos (1936), the pure walkiag sode
has zoet beon used in practice. Pochd employed “steppers”
werking in conjunction with wheels on some of his

marsh bugpres, which {a margincel going sugmented

wheel traction for a brisf period during each

revelution {Nuttall ez al., 1958]), but this wvse st

best & poor hybrid. Thore are, howsver, rT2zscas,

stemking from terrafin-vohicie roletionships, for

lookiag into the mattey ia light of receat tech-

nology {Shigley, 194C, 199%; Lisvom, 1964, i%6%; Hain, 1966).

Recant and current studies have tokea twe
different, fresh Tacks: the meltileg or centipede
approach [Siddsll, 1964] amd the biped =pproach
[Listom and Noser, 1963}. While spparestly fszsidle,
the ¥ave-motioz multiieg app.vach i3 not now
excitiag amy raal enthusiase, but the man-stapilized
biped or qusadruped concept, cleveriy capitaliting
O rvceat servomochanism Gevelcopmsats te utilize
2 man {tho driver} a3 the nscassary dalance md
control computer, i3 gaizing adhsrents [2f. Hemiom,
1936}, The ATAL Land Locomotiom Laberatery is
supporting herdwars rezearch witk Gemeral Electric,
eimed st having & 500-poumd losad carrier ix

oparstion within 2 fov years {Sofemse Joxmal,
July 1956]. Listow has astimstsd tha cress-coumtry

spsed potential of the bipsd comfigurstiom at 0
mph, Uafortumetely, the coacept appesrs uzeiul
oaly for ralatively seall zpecisl purpese aachiazss,
ia which it ms/ vvorcoss msay of tho aaaty prodless
with obstacles whick hodevil pore novmel imell
vehizly comfiguratioms.
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Rrlated to the walkisg concepts, semastically
st least, sro hybvid vehicles which laccrporate
means for “jumpiag” or for “ixching™ ia specisl
situstions. A comcapt for & jusoing dz4 arsored
car, vhich, for chstscle megotistion, could
theoreticstly mske 3 runsimg leep of seversi vehicle
leagths through the relexse of energy storsd ia
its wh el suspeasionm eysten, was studiad éduring
eIl JOSRD, 1344; Icks, 196S]. The imvestigetiom
war carried only to the peixt of teste of s visgle
vhzel sad suspenszion mock-up. Problems with pre-
cise lauach coatrel, upon wkich flight and hence
successful reentry perforsasce dapends, wers not
s0lvad before the projecs wss suspendsd, Tessi-
bility of & "jumping jeep™ har receatly deam
taporzed to have beexn estsdlished, and sericus
desigz begum by the Britisk ¥ar Office [The
Ixginear, 25 Juns 1965]. Tha project is classified
snd ac iaformation has been rvlessed as to tha
approack takem. (It could weil be an air-cuskion weaicls.)

“"Inchiag” describes & preposed mode of loco-
motica for vohicles vsguely reseabliing that of the
friendly little inchwers, whe anchors his fromt
half, hsuls ia his rear, thea amchors his resr asd
peshss forwverd A!s fromt, etc. Provision for such
s bokavior m3y be iscorporstsd in the joint of e
frama articulated vekicle [VMEA, 19851, It may slso be
dome by 350 mounting the wheels om 2 machine that thoy may
be moved fore-xad-eft im relatica to the vehicle's
bedy., sad braked in sa spropriste cyclic zammer
a3 proposed by Schrdter ot al. ia their thrust-
step petent ['933]. lachieg {3 basically s slow
procsss, axd hrs deen proposed largely as s built-
ia self.tecovery system for use ia case of boggiang.

Its fumctica i3 thus similar to that of 8 winch,
o7 the capstas aad sxcher system aow raguierly
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used &% g mﬁ“hy-alé to Wi13's for petting ewtof the
cansls of Yietnan {Mocre, 1%#8). As 28 suxillary, i3
speed shaowld be 2dout the ss=s «- § miles par day.

1t3 coaveaience graster; but ity usefulress ox

extromy axd/or 3iippesy slopes far less.

Finaliy, while neither nev nor imusual io the
stass of previously discussed coacepts, ths
dsvelupwent over the past tes yesrs of hydropnecmatic wsak
saspanzicz s7stems spd doep, seft, sdjustshle suspersicas
geavrally, and the work ca active systess [AMC TIR (3-11,
Supp. I, 1965; ATAC, 196%; Osberz et 2i.. 19%3],
regulires msution. These hsrdwere prograss &ve
opening tha wsy to tracked vehicis: with opers-
tionsal spseds lax rough jerreins tos to thres times
as high a3 those of currest machises, shouid thess
truly be desired [ATAL, 1%265}. They sre demon-
strating not oaly vhat azy bo dowe but 2l vhot
the costs will be. The 31l vraive of these
deveiopzents, howcvesr, vill met be sppareat uatil
they are sppiied 29 properly designed ertsenlated
t»aoked veiiclec whare, cosbined with sismificemely
greats s affective vhesibsso, they coxld permic
truly astomishing psriormaacs. Sich a farther
progren does ROt yet rppesr to be iz tha cards,

kowever,
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fvricoiated Vekiclies

Lithougk not 83 Cy@-raRChiIg 83 5o f Sho
vweaiug gesy configurations fust revieved, Ihe a9t
plgasficust rocent off-rosd design favelopment bsa oese tde
sucegrriai, srecticsl demomicration 4f e
feasibility aad oversil mcdility advazteges is s)l
typer of weak solls and $ifficalt torrais gemerslly
of frem arcaculation, perticulerly oe 2rached
vekicles., The ides, wgaia, is set ssw. Joz
kistory has bees rumucriiad by the awtdhor iz
relatica to whesled sobizies [WRAE, 13¢3] and
tracked vehicles [1964}, uaé by Ogerkievic: {1943, 19¢4d),
Tav-plans or stezrizg sriivsiatiza hss boea widely
usad on wheeled carthoeving 2crapers for zaay
yoars. 2aekker wax the first Te vzzall ts todey's
off-road vebhicle dasigners somm of 2de sdvEstspes
of articulstion whea spplied t2 tracked —ehicles
{Johmsom et al., 1331; Bekker, 1953, 1258). He
zge siace been imspimstive ix sppiring the maiti-
sriicuisted concept te potantiel doma vekiclas,
some of whick acaleve scae of the fwmctiomsl
sdvanteges of articelstioe by the use of highiy
flexible frames {[ReXker, 1942, 1763; Lee, 1568).

A vekicle's frams aay bo articuisted, oy
jointad, at ome 37 seversl places. Each jelzl =zay
Sliosr rylative woticm belwers commcted wsits in
the pitck pisxe, the steerving or yax plane, aad/or
sbout 2 roli axis. The uzer s34 sdvonezpges of
articuistion very vith the particular setioas
yormitted,

Articulatioe in the yar plene is geperslly
dome te provids stearing, thrmmgh czmirol «f the
articulgtion angie by hydévsmiic or octher mawas,
1t Lo useful on vbasled wekiciss dessuse 4t parmite

o Sy 4 o ap—
»

——.

e

e

30
s U —— -
& >
L -
~L s, . . N .
P LT Y - ~ .
- . ~ - o
R 4 v P . 2
b . . i -
> . ~ « o & . -
< - S~ - - .
~ -~ . 2 e o s £Ww! 7 -~ .
Vs N . . . 3’::.’ CERNCA T
LN N L RN - ~ > « T -
N . bl = ; &:s‘ e~ - P S _,ﬂ
. s
T - -k A ,
el Tt T e ~ PO
- M pyd I ~ e .- L
wid IO v - . -\-«et:;;.‘ . > - st e ™k Ay W2 e S
P Y -t - .- -

AT L-m - - -
A Wﬁ' . FPL'Y N ‘h. B X} '



- ahan o dses MBS

a—

B

Cha u3e of veally iscge slres, ¥%ich 4§ stoergd 23 om

myrmzl wehicles by azle zrilcuistisn wonid reguite

large cavitiss §n the vohicle sweslope, wexssaizaving

crlargunent of the ervelove oy a 9e7sre reductins

ia usable spece. 11 alzs somswwhat aimgiifios tha

urisn {224 suspoazion, whex fittee) up thote wheeis

vhick veald othervise bs teured. The spacx

sdvamtapes oad dvive liae simpiificatioe slise e
2ake practiczally faasible the eso ef mamy msre

Ariven wheals under 2 vobicle ez the mizar parfers- |
ance sxpense caly of zemn tirw seuifing. Ezzwples
of ysv arr ~zlatiom thzs expisited are the ATAC
ix8 Quad T..<k [Bischaff, 1764], the ¥REA 20x10
concapt [1%635), 3m=d the small Lockbsed 12112

[The Milicary Szginser, Sep-Cct, 1935},

- A m— ——— — » Aan e e—

Stesriag by comtrolled yaw zrticalsticm &s

even ante important om trecied vebicles, bacause

z it breaks 2he "steering barrier.™ In conventiomal
tracked vehicles, whether comstructior iractovrs or
taaks, the requiremsnts for cteering lwpase
lizitatious om the owersll proporiions whick sre
Mt always faverable from az off-roed viswpolat.
The aoraxl tracked wedicle s skid-stesred; {.3.,
Cheage in heeding iz accomplished by chsmging the

e sirem

‘ telative spesds cf ths twe tracky 2ad theredy
davelcping 2urning moswsts ©o evercomd resistiag
forces, principally iz the grommd camts:t arws.
Far recsomekle, high speed, strxight lime seadility,
the vetie of treck Icagth on the grommd te csater
: linz zrmck tread {LfT) shomid bu grenvsr tams s
' sppturinately 1.2, I» praktica, ia erdsr to .
} persit steeriag o2 & Rard sarface withkout excssslws
powsr iwses, tie tatis /T skenld met ba grestsr thes
spprexivstaly 1.8 {Steads, 1§43, 1558]. Or csrveat el
J. S. voaks, whose capability o pive? staev ia T s
RS
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place {s dewrly loved {purhaps becsuse §¢t ip for them safer

thas going off-road to turs srovumdi, the L/T ratie
is of the order ¢f 1.4, Europesa taak practice
appas3rs ta favoer L/T ratios of 1.5-1 &4, O the
succeds ful Rodin-Nodwsl]l RS-119, low groumd pressure,
$-xom carviwr, 12 is approxixatelr 1.8,

Ors of the primcipal ¢ffects of steeriag rstio
Simicazions 1t te force & genesslly "studby™ ferm
upoR siid-s2sered wohicler. I gvoerai, the ever-
811 leagth-to-widih aspect 7atis of cosventiowal
skid-steored vehiclss i of the order of 2:1,
whereas that of losé-carrying trucks, for exaaple,
tony sroumd 4. This limitationm i3 alsest elismi-
natsd in 37ticuleted lracked vehicles om vajck the
sspect vatie aay rradily be of the crder of §$.

The very ioportant practical mexning of this is
that lsrge tracked «ehicles may be buiit haviag
truly low ground pressures anmd aerrow bellies
without goiag to curvsge. . widths, and thst ssall
2isczad rekicles may be given sufficient lemgta o
schisve rTeasomad.e Tide and such mesded lcagitudizal

X

stability. Misor advaatages over skid-steorsd robicles of
the same soBinsl uait groumd preysure slse appeas to sccrie

{8 trsctive cepacity in sacws {Ruls, 1958) and ia
dacrezsing by 1-2 porcemt 2B limitiag soil
streagih (RCI) aeeded for free xamswvering

{¥aRz, 1e651.

The wbjects 2f tracksd vehicle steeriag by
frams arziculazion vay glss be schieved by the
teaden nrrangossat of trscked tracks uzdsr &
tizxle frams, 33 on the Tucker Sso-Cat [1963], er
by the asmitrailer Iype of asrticalatiss a2z oa
the Xobin-dodusll XX-290 {1963]. Tracked vekiclss
on oithor of these 3aitaras srv aew torTmed
“sriiculated” [Wuttall, 1944] slomg with direct

n

s.;l



Bekher Flex-Frame Lunsr Yebicle, 1963
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frams articuleted mechixes, ke srtizuistien fia2
thase cases referrizg ts the divided treck
stracture retisr thaa te thg main {reme,

Articulation te previde sows sipificant
Wyree of oli freodow botwoes waits Aelpr the
vohicle 83 & whole te comform ciozsiy to ruggsd
torrain, se as to saintsina its foeting (for
traction and comire}) zad equalize whael or treck
lesdings ca the groumd evew vhea a0 suspensien i3
fitted. Some sf tho sdvantege of rell freedoms {5
128t wnless the rmming gser of sazk umit cam
¢confore longitudinally -- L.e., i3 2 3iagla axlse,
bogied tzndex 23les, or & wril susponded,
relatively zhort trzack. Of course, where toil
freedon is zlioved, esch unit iadividuslly must
have asdequate rsll stability,

Piteh srticzulstiom permite lomgitudinal
conforuance te 2he terrein, which is sx sdvemtsape
i2 wesk seils asd, more isportant, greetly improves
vetticsl ovstacls crossiag adility {of. Belkesr, 1951,
3963; doryis, 1565] ia oll sizes zmi clsssec of vehicles. It
alsc opens the way to iacresred vater specd and
dbank climbisg abliiity ia swimming vehicles, &
piter ioimt wmey profitodbly be nsde lockabis uadey
driver comtrel, 3¢ thst tae entire vehicle leagtk
¢85, vhen tecded, be exploited {p tremch cressiag.
1f furthar it 37 selectiveiy powered, se that the ends or the
mniddle of the vehicle may ba raised under driver comtvol,
obstacle cressing capabilitiss and daxk clisbiag cm oxiting
foom the wvater can be still furthsr enkemcod [¥ilkie.  1262].

Pell pitch articuiation veguires tdat the
units conneclsd be Snédividuslly stadle {a the
lomgitudinal plame, a3 In su srticuleted tracked
vehicie, ths €3¢ Cams Cost {1%84], oFf the éx8
D541 [Zismernax, 1365]. 1a Bekker's “flex-frams™

i13
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sction, sither actiag ca & mechanicel joiat ss om
the 2uiti-unit Cemers] Xotors MARY [Finelli, 196¢]
or through elastic actionr of the friume it3eilf

és on the 0x6 surveyor (X moon vadicle concept
{Bakker, 3267 1943; Lse, 196&), askiag iC pessidle
sffectizaly 1o provide pitch articulation between
faheresztly unstable sisgle axlas. Pitch fraeeom
B2kss 2o sonie on dxé¢ vehicles, 2owever, zsdéd haace
such arxiculated vheeolsd mschines as the various
COER's de mot fully capitalize o tho articmlated
concept,

@
coacept, piteh fro.dcm i3 restraisned by spriag é
®

¥

' One of the nejor sdvanteges of freme articas- 2
lstioa applied to tracked veiaicles of any sizs {2
thst che increased length possibdble, aven necesiary,
greatly lsproves the vide, primcipally by reducing
picching motions. It kss beea found in practice
Y i that this sdvantage sccruss even if the pitch 5
i joint is totally unrestraiaed. [owever, still
further improremesnts asy be hsd through the
| provisica of proper damping acvess the jeimnt. The
; possibilities of applyimg te sn erticulated
Y ' sachine the new, doep track suspersics pystexs ] ®
mentiongd earlier, viich raise petestial cross- ]
coumtTy spaeds eof coaveaticms’l skort tracked
vakicles from the 3-1C sph raage tu the e mph
rengs [ATAC, 1843), ave truly axcitisg, pertieu-
. i lurly {ia & coakat vehiclse, b

g

worawrsanee

el &

s

There have beon nuasrous propossls for, aad
studies of, articolated task wetpsus syYstems [ef.
2oz, Kev-Dec 1962], but te date nome has ysceived
_ Aore than paszing comsiderssien., Froblems in
Y : arsoring Juch 8 vekicle sre evideat [of, Cgor- .

’ kievwicy, 19¢4]. Mercewsy, pending tho dswiopaest
of zuitadle ceompenents specifizally fsr spplicstion
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} i 19 articulated vehicles, tharo =zay bs doth wvaighe Py
; ' and dollar cost peanltiss ia epplyiag this ¢mefigu-
! : Ftion te a job eloseady within ths ocepad(lity s/ ¢ &
‘. ) givan, vell-develope’ wokifele. [ts advantage: caa
| ' oaly be fully spyprecizisd whero s vehicleo {3
E required with ¢ sev oxder of Robility as coupared s
! tJ current sechines, [a this comtext, full ex-
plottation of the articulated comfiguretion say
%21l preve chasper, i3 all zsixs, (Rem oither the
forced evelution ef preseat ferms §ave msastresi-
| ties or the sdopilom ef eatirely differest Sasic Py
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The Kagl Preblen

The uitimets besiz for judglag the sdoquecy of
wr silitary off-rcad vohicles is, of course, i3
reisticm to tho jche expocted of them., Ian 1963
Bskkey quoted DOD sources te the effect that "2ha
complety zsmut of tactical vedicles 1z {nadaquste
« o« » S properly periorm their wission ., . . .
Keither sur combset nor our [aglistical vehicles
have sufficient off-roud mobiiity 2o paruit ds
epplication of currenaz tactical dectring.” The
sitzetice hes mpot magszizally changed sinca. Cox-
sidered 23 & system or family of mehiclez for use
4 ia tho Evropean thestre or similar geopraphic
j &r033, ouY preossnt machises may be ncar vu'isuw
: whon 81] competing factors ars evslustod., Com-
sidsred in rejation to the suppert of ground
cpeiations in tropic, subtropic, and/or undsrdeveloped aroas,
they tre demonstradly ixadequate, with ths pcssibls
exception of the low groumd pressere snow wvehicle
derivatives, tho M]3 famriiy, snd the upcomizg
DM385 Sheridan., Iven thess, however, sppesr to be
only intsrim solusions.

=
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Attempts to revise Our currszt systes of

. wWhicles te achisve the aevw order of off-road
mobility reguired fo7z those sxtended srees mast
medt vith failure, bdecavze tie esst in terms of

. othar »ecessary JYoatures is tee high. It weuld
ween “detumring”™ this fimily se thit it vas ne
loags? even ey optimum for its :aix and eriglasl
perpose. The solcotism 1las instesd ia crodting s
w2y, iategrasted systam of groumd vexicles for use
ie these sew, significaatly more severs savirea-
wents {33%em, 1965], ¢ systes whick {3 m32 intemésd
e esupplaszt eur current faaily ia its proper aress,
which iy 207 comparitive with 12, but rsther i3z
cosplementary.
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Kecessery ground 2acdility isprovements mud?
bo significant s justify the costs, as Ball has ‘
polntad out {1365), Cespite a widsspreed
feeling that only nsrginel improvesests asre @ ¢
porsidle [ef. laviszn, 1763}, they can be substantia,
-~ aspycisily {n relatioa to our current levels of
ground modjility ia Yietnsa, liowevsr, the new

vehicie 2ystem neesded should not be goasidered
Just "specisl sobility ecuipmsent™ which must L ¢
justify ity existencs on the basis of worldwide
vsefulness. It wmust b¢ considered as ¢ cyssem for
use in parts of the world only, larpe parti, dut
sti1] oniy psris [Pearson, 198&j. After sl}, our
currsnt European faaily of vehicles does nct now
mest the tast of military valus on a wvoridweids
basis. TRkst is the prodliem.

There is thus clear need 1o decide whether
or not we seriovsly intend o be capadble of military
ground overations in these other zreas, and to
decide further whether such opsraticus ars going
to be conducted entirely by aiv or not. !f we - -
decide to have the capab:lity td operate cn the
. ground, ve must stop looking for cheap, gadgey

enswers., Y¥s must recogrizz thst s collecticon of
teys and specizl purpose wddities will not do the
job; that what {a fact i3 nseded is & homogeneous
sseend femily of practice), fleztble, reolisbls,
. military quality, working vehicles specifically »
designed to cperate wherz cur presea. fasily will
aot. Fortumzteiy, the fundamental spacifications .
for :ucﬁ s family do not require a2z impossidbly .
sisdorate systsas anklysis The reascm ve n3ed it
‘ is siaply thst our Europesa family i{s essemticzliy ° ¢
' ismobiie in the mev¥ conditicns of intsrest -- ¢vz0,
s second fzmily vhose very raises d'etre is
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substaxtially {acressed groumd modiiity. Ig thess
clircumstances, $i) otbhuy factors can, tadecad =ust,
>0 gacrificad to 2chieve & asw crder of mobilily,

Curvext lnocw-how, techaclogy, snd expariencs
¢tuld produce such & family, rumaizg from cargo

csrrisrs through srmored perscanzi carrisrs,
various weepons cerriary, to ¢ light tank, §f ® Q
desired. A3 of the moment, {2 Is probabls that
suck e fasmily would be sll tracked, lom ground
pressure ficaters, sad thet all wowld de articu-
1sted. Poasibilities for high partz sad
asiatenznse rationalizatios withia the faaily *

R S

{the family .cncept §n i3 mory ususl aad iimited
contezt) vould be great., The tob should safter all
start with s ciean slste.

Beginning now, the current state-of-the-srt !
would support the developmsnt of the first
gerareriocn of ruch & family without aay further
reazarch. The firs: gensratiom family weuld not
t& the bsz2 possible, dut good whem needsd {3 far
better than b=zt too late., Its ¢creat!on would Py o ¢
recesssrily iavolve r number of educatad guesses
sach as sre vegularly wmads in wsrtise and in
commercisz!l developmeats,.®

[ At SR

17 the job ceeds te de done ar 311, the firse .
grreTation shouid get cadervay {(mmsdiately., The lé s L
turrent state-of-thz-srt would suppert & good, 3
sound affort, Ta2ckled withiz a propar organi-
sstiomal framework, including clesr lines of

s
e o

®?ke most refined systems Taalyais slsa
iavolves sinilay Judgmests, oftes o9 erseiel
ratters, bdut freogueatly they arye lasc idas svideat &
Decsause %hey tseome duried someviere (3 ths matde~
matics wicre, after a viile, oaly the teekaisfans

]
t ean fird 3hexm.
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respensibijity foz the succeas er feilare of sach
iocr phase, such an eifors vould guscemticslly
revitslize a24 redirsct both terraia-vehicle
Tvze27Ch and savironmentisl 7esearch, aad wauld
force the first-cut at 8 rsalistic, wvorking systeas
snalysis. The continuing rezearch thereafter,
oparating under revly clarified requirments for
spacific kiads »f iaformation and with clser llines
of tvapomsibiiity for the accurecy amd validity
sf the methods aré regulti, would produce the
infornation necesssyy for the lzevitshle n~ ¢
yeneratise of gach s family.
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THE DESI(AR PHOCESS

It besrs emphasizing that the resuits cf
resesvch on venicle-so0il snd vekiclo-tarrsin
relationshics hese Clearly shown the dlrectlions
which must b2 taken to isprove ground-crawliing
mobility, and havs demonztratad that thire are ms
eoty answers, Fuadssental datverzingats 2 the
of {-125d pecl{oinerce ot & vekizle &re:

1) itz cversil {eorw,

2) fts scale ia reiation to mature, and

3} the level of both nominzl 28d parsd unit

losdings placed by it em the gvouad,
it 13 patantiy ridiculous to fault ths rezearch
affort for such tindings. They are fully parsileled
by similer fundamentsl consideraticns whizh sdip
sad gircraft designers have lesrned te live watk
yesrs 3ince. Accordingly, whet requires examina-
tica snd rathinking is net the research, evea
though *his {x far from scceptably comnlete, dut
the decizions which rave t+en msde in the light
of the avgiiable knowlzdge,

The propar design ¢f 2 vehicle, commercial ov
2ilitary, for off-road uze is &n exsrcise primarily
iz wechacical erginyering and vehicle-terrsia
sechenics. The oversil configuration of & vehicle
should be dictated primarily by the terrsinm-vghicle
Telationships nacesgavy 1o achievs ths required
perforrance. Thereafiar, desigzz o7 selection of
its coxponents, and their lategraticn lato 2
properly functioning mechanicsl systea, is primsrily

.
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5 job of automotive engireering. 4s {a 72!] similar

proble=as, tha cequiremerts [or each of¢a run

Counts? ts one another g2d 10 Co3t ccaslidereticas.

in 0ff-roed vericle desigr, two fundaments]
tequireasats are inverlably iz confllict.
1) w»odilily in the total off-rozd envircnment,
&3 adasured by aversge "spees-mede- gocd”
ta the performaace of & misslon; and
1) smechenical reliability when operasting
{2 the total coff-road eavironmsat.

A machine which hecomes a fixture i2 the lang-
scepe, either because of a mechanicel failvre or
a perforaance feilure, cesses to be a vehicle,
by definition. Moreover, 3 vehicle s rarely, ia
the workeday world, en end fn itgelf, but .g
rather only s mesns to en end. It mavy gc and
survive, and still te useless unless {t can a2t
the same time accoaplish its s .signed tssk,
whether thix de to move 2 resscradile zuouai ¢:
carge or men, ©or to carry and fight a given saespons
systea.

Fingllv, thess three bssic functicons] require-
ments -- z2obility, relisdility, aad the sbility to
43 the aszsigned job -- sre more often thaz not ia
coaflict with other cosstraints suck 23 on-vead
revformance, transportasdility vulnersbility &nd
first and/or opersting costs {in om2 c2ia or
anpother). The tachnical problea is, iu the finsl
anzlysis, essentlially one of mechanical engineeriny,
3 be solved within the state-of-the-srt of the
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®&ny comnonents, subsysteas, anjd raterizls aveil-
eble. Coepromises are fnevitablv recessary 3mong
the many corpeting subsidiary reguirements, even

in this airsculous age.

1t Is the manner !n which trese comorcmises
sre reached which 13 the heart cof the desizn

process,
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Commercial Desien for Off-Read Mrerstizn

Coaswrcinl off-road vehicles are develioped
fisdentiaily on & systems besis eren though the
systems ire gensrally far siepler than in he mili-
tery ci3e. Mission profile, the jobh to be done,
svan when qulite broad, {s relatively sasy to
spacify., Extensive, closely garallsl sxperience provides
suitable models., The wvsius system i3 simply the
doilar. Optieiterion normaliy takes place not {n
s cosputcr, but in the warketplace, but 3%l of the
H elements 2re there,

A major peint of depatture between
commerciz, trends and military desiga is in the
continually incressing si1ie cf much of the com-
marcisl machinery. This has been =zsds possible by
lack of some of the constraints under which
ailitary cquiprsnt i3 conceived. While the prissry
resson for the growth of individual machine 2izes
is related to the econcomics of lsbor, there has !

ceme - e

beex & tangential increase in their mobility &s o
Tesult, This is simply & sczle effect, The com-
sercisl fleld also peraits relatively cicse state-
ment of the vehicle’s job description and of tha
speci fic enviroumsents in which it must work, so
that more specializsiions is poszible than 1s
thought by the military to be opyn to them. This
3iso has produced some marginsl moollity gains, !

———

© — —

Inasauch 53 the mexisuz requivesant for acbilivy

P

i2, cus to the nature of commorcial cperstions,
ususlly less then in the case cof zormel militsry
squipment, the almost sccidents] ne: gain in
eperstionsl mobility has often been noticeable.
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A secord major trend in ccremercizl develop-
sent rarallels 2 desic =ilitary tread. Almost
sniferaly, eaphasis nes beezn upoen irproving
mechanical perfornsnce snd reilisbility ratrher than
extending the range of 2nvirormenval conditions
17 vhich thcse vchicles will operste [cf., ¥Yelnart,
1966; Hrler, 19066},

Of the several clazsses of conmercis} off-road
activity, by far th= amaost prevelent are those
involved witn agriculture and earthmoving.

Althcugh both types of sctivity sre often delayed

v/ weather conditicns (carthmovers up to 50 percent
of the tise [Archer, 196S5})), which translate into
poor soil conditions, the terrsin-vehicle sspect of
the performance of current vehicles in agricultucsl
gnd construction service is not generally comsidered
+eriously defictent. There is, however, s beginning
sware~ess that the situstion may be significantly
different in areas outside of the te.perate climate
where most of the action has boen [Burks, 1966].

Agriculturs] problews have provided, and still
provide. the lmpatus for many of the practicsl
machine-oriented sojls studies. The question vhich
led Barrstelin to formulats his sizple soll-wheel
snslysis [1513) relsted 20 farw: tracters, for
essxple. The notable nionesring studies of gotl
motion c-der wheel action by McXibben [1938], the
fili1st systemetic experimentsl studlies of tire per-
fornsnce in soils [SAE Cooperative Tractor Testiag
Committse, 15%7), snd the considersdlo ground-
bresking work on soil dyzamicy in relatica te
tiliage problams [of. Kichels et al,. 1931-1938]
sre further cxamples. Despits this, acd despite
the relstively long existsnce of auch machimery
oriented research fagiiities as the Xsticmsl
Tillage Machinery Laborstory {Reed, 1984) zad the
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Agriculturs}l fxparisent Simation, Univerzitv of Nebrasiks,
Linculn, the design of ths fara tractor {rself, from

the viewpoint of efficient traction developsent, has

not been novably bssed upon conziderations of

theoretica]l 30il-vehicle relstionships. Rsther, the
approsch has been pragmstic, bssed upon fleld experience,

Frogresz has been evolutionary, stesay, and taoiy's

tractors are very c¢ffective indeed for the environcents
in wvhich they have evolved.?

0

The situstion {3 now changing repldiy, however, ss
evidanced by the nuserous university and industry-spomsored
8211 bin research facilities springing up [Appendix I},
and the growing nucber of papers befcre the ASAE on soil-
traction snd so0il dynsxics studies [eof. Reed, 1953; Ritchey,
195%9; Cognsr and Fausti, 1961; Rowe and Bsrnes, 1981;
Vanden Berg and Gill, 1962: Vanden Berg and Hoed, 1962;
S3hae, 1962; Forrest ot &l., 1962; Southwell, 1964;

Siemens et s1., 1965; Xuether and Reed, 19.5; Reaves, 1565;
Taylor and Vauden Berg, 1966; Mcloed er s1., 1968). lIa
this respect, United States efforts have f2llox behind
thoz2e which begsn just sfter Wdll in Zurope (at the
Nationgl Institute for Agricultursl Engineerimg, C. B.,
sad the Agricultursl Reseazr-h Centsr, Brauxschweig-
Yeolkenrode, Germany, for sxzsmple), Lut there is no
sridence that cur travtors in practice have &s yet

suffered from this 1sg in theory.

Current zgricultural traciors ars almost
universally mountsd oa tires opsrsting st B-12 psi
inflation. Tractor size, vhethsr nessursd by tie
exxizxyn sizes avgilabie, ov &y the average sizs

0I3 13 dislesding te sote, asmethelessy, thot it wves
Tepertad a8 tko 1969 maeiing of the AINE t2es ia medern,
2igk produstion V. 3. arcic iltural praciise, the toial
BesRanical ecorgy axpesdsd 13 preparisng aand saintsialsg
S3e 80il asd e hZzrvesting thi crops 708 (% «~- trusters
fxel, electriseal pover, ete., =« {8 Rero tkaa the calerie
7al%0 57 tde asefvn)l foodatufZpn prodsueceé [Jezgotrem, 1965},
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sold, has itacressed ranidly tn the past few years, both in
power and weight [¥orthington, 196%);, An incressing
uumrber of all-wheel-drive machines sre nov offered,

some usiag chzssis articulstion for steering [of.

Buchele, 1759, Yelters =t al., 1750; Domme! end Racs, 1964,
Dreyer, 1965]}. Tires on the larger wmachines.,

8ithcugh still selected on 8 philoscphy of 2le

saglicst which will do the job under “average

severe conditions™ {Wsliers and Yorthington, 1955},

tre of physicsl dimensions =hich only a few years

840 were ccnsidered to be appropriate for esrth-

so¥ers. There is increasing understanding that

tire tread changes cam produce only mincr improve-

wnts in perfermince once a modest seif-cleaning

grouser has been provided, and radisl ply tires

are sceing incressing use {Remus, 19631,

Europear farm tractor practice closely
paraliels that in U. S. trsctors, althouyza, for
e¢conomic reasons, the largest sites are stiil not
being nroduced in Europs, Locking differentials
ate popular on furcpean machines because of the
siightiy vetter general farming conditions and the
Jxtensive use still of crganic msnure {Brohs, 1965).
Serious study of farm tractors suitsble for uce in
the significantly different environments of
undevelioped countries, zad particulariy for rice
sgriculture, has recertly begun {Johnson, 196§,
1966}, For the nesar futurs 2t lesst,
smalisr und siwpler machines are indicated for such
service, but ths soii-rslsted perforssace of
current masg-producsd tractors is not adequats.,
Selutions being proposed are no mors exciting thaa
the fitting of larger tires, howsver.
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The size of esrthmoving machinery hss grown
eve: moTe vapidly than that of fara tractors.
Excapt for the omripresent “Cat”™ and its competi-
tors (vhose relstionships to the ground hsrve been
static for nesrly 70 years), carthmoving plant is
ROW a#lmo~t entirely on isrge tires opersting et
inflations of 25-5¢ pst [Rodia, 1985). Although
tecent studies have indicated thst tire pressures
ney be of ths crder of five times the cohesios of
the s0il on which the plant is operating {Femtom,
19651, current practics has bees optimized by
experience rsther than theory. The presest
spprosch to dealing vith mobility problems during
cartheoring operations is to alter the terrain to
suit the osrthmover rsther thasn te s¢rive .or
izproved soft-scil performsace in the plant {tself;
that §{y, the problem is solved by terrain wodi-

fication (¥. Jurecks, 1964)., Tue ssjor tire prodles

is cne of overhesting eca lomg, relatively high-
speed Ruls, and tires sre sized as mxch by this
consideration &s by soil considerstioms, withim
the genersl inflation constssist [Clendemen, 1959;
HscFaviand, 1364; Burks, 19461,

¥hile, from the soii-vehicle relatiomship
viewpoint, the desige of certhooving vekicles kas
bteen dased eatirsly upom practicel experieacs,
this situatica also iy changing {of. IME, 1963].
The industzy sees its major jobs ss still
shoad [Eberhard, 1964; Burks, 1966). Aad 2till
digger machines. Acceordiag to LeTourwesmw, “Thers
896 59 big jobs, there are fust seall sschines”
fJ2zns, 1966]. CFarthmovers with 2 sggregsts
fnueeiled pover of the srder of 005 HP aro met ze
musual, and s2ill larger powvor plants aad
oszrspary dzive line cowponsnts sre uvader develop-
mre.
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As the cauirtent has btecome ever 'arccr, there
has rrorerly been 1aCreasing concern with 103 otf)-
ciency' and both the vehicular and the earthwovine
rarts ¢f the svstem arc coming incrcasinyly under
systematic studv {:f. Nelson and S2lig, 1764; Ssman,
19064 Hettiraratchi, 196S5; Little, 17945: Navne et aj.,
1965. teece, 1965]. I[n addition, the construction
equirment industry is .Jov supporting a numshter ol

in-house engineering rescarch efforte in the earth-

. moving 3011 mechanics field, of which the Caternillar

effcrt is the most prominent [Cobh et al., 196}:
Sullivey, 1964: Cohren, 1764). The ride dvnamics
of earthmovers is also coming undcr studv [Burks
and Carter, 1966: Liljedahl, 1966. “cfuire, ijto].

A relatively new concept in earthmoving
machinery is the use on the nasic earthooving
vehiclcs of yrowered ~uxilisrv loadirg devices,
vibratory tcois, etc. [cf. Hendrick and Buchcle, 1963:
Stuiler and .Johnston, 1965), to reduce the dependence
of th2 loading operation upon vehicle traction.
This is an example of the “end-run” attack on soil-
vehicle pioblems which is sometimes open in com-
mercial work but not, in any obvious way, to the
design=rs of military =2<hines.

As in earthmoving and agricultural machines,
the large trucks used in the mining snd construction
industry have slso become diesel siants, on tires,
increasingly with all-wheel-drive [Cass, 1955: Zurgess,

1986: Koiinger, 1957;: Stornberg, 1957: Gritzul, 1959:
Eaton, 1962; Moreno snd Domes, 196S; Aitken, i966:

Cashman, 1966; Kress, 1966; Lloyd, 1966). These
are, significantly, teraed "off-highwvay” vehicles
rather than ""off-road” vehicles. They arz designed
not for cross-country work but for operations on

trails and secondary rcads, ete., which ray be
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rough 2nd slippery and suddy but ciz ssually be
counted upon to effer 1ome sort cof firm f{eoting.
These machines ere gen: ‘ally charscterized by
ruggedness |[Vatkins, 1565] and careful matching to
the specific individual trsnsport jcbs to be done.
In tne designm and/er selectiom of vehicles {or
this type of service, D. 3. Carr (Dare} lists the
govrerning design coasiderstions ss fslliows {1%64):

8} On-the-job production required of the

ficet or gysten

b} tlisul road profilae

¢) Iype of materials to be transported

d) Size snd type of losding equipaeat

e) Unlcading requirements

f) Eavironmentsal cperatimg conditions
(rolling rssistance, adkesica, z2ltitude,
and temperature)

g} Specific requirements due to geagrsphic
locstion (availability of various trpes
of maintenance equipment, trsining level
of drivere sad ssintenance techaiciane,
stature of opersting perioanel, e2c.)

Suitadble secozdary road comstructica and msintenance
are sssumsed. Bssic Sasign priorities, after
porformsacu is assured, are:

a} Safety

b) aAvailability (which iaciudes doth mobility
and relisbility)

¢) Serviceadbility

Tire sizes gve solocted bovh from the viewpoias of
vekicilae performsnces zad of rosd maintenascs.

Tirs costs comstitsts the mujor siagle
coiponent of opersting cost for webkicles ia miring
and quirpy work, 2ad om 8 é5-2em peyload trwck,
naintessacs sad repsair s 2 whele may r=a to
$6026 por vouth. This ciass ¢f michiae is currestiy
sovsred with spprozimaiely 6-7 HP/T GYY, cperates
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at ¢cryty of atct 5S¢ ner ton-ajle cf raviced
Carricd v~e war, ;:tﬁ a fuel ¢ rsurption of 479
ten-eiles of raviced rer galleon of dreve! fuel.
vife cf thece vehi(les 15 of trhe order f 10 yvears,
or 30,1 hovres of crerstion., Models for cosuter
ertimization cof route lavout, vehicle character-
1sticy, maintenance nrograms, etc., {or such

fixed route opersticns, ar2? now in use {Pract,
1783,

Relsted to these machines are the penerally
smaller, Lut sti)] larze, rugzed trucks used in
wore genersl off-highwav traniport service by cil
cospanies, logpirng companies, etc. These venicles
are cven more closely related to their on-highwvay
cousing than to the:r big brothers, although
various special features such as oversite tires,
3ll-wheel-drive, heavy duty rad'stors, etc., raise
their cost by a facter of 2 or more [Kerr, 1656},
Brown snd Dorsey (Kenworth) list considerzticns for
this class of truck as followvs [1960]}:

a) 1Installed power should dbe S HP/T or more

b) Flexibl~, high deflection tires should
be used to give nomina) operating
inflatior, pressure of approximatsly 30 psi

c) Sustension system and frowe ¢ nyld b
designed to equalize grour.d contact
pressures smong the tiree

d) Radistor c.pacity must be adequate for
long, full power hauls at ambleat
temperatures

e) Proportioning interaxle differentials
should ‘e used to provide proper torque
allocation anong all driving wheels st
all times

Brown and Dorsey stress that the most troublescome
problem is concerned with the physical sad sechani-
csl sccom .>iation of adequately large si.es.
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The French fire Ae.liet, froe 172% ¢ 947, 3 ® ¢

desonsirated the ‘essibility of truct convoy
dptrations across thy Sahars Desert f{2erliet,
1964). On sreversl traverses of up to 1300 miles,
the 700 HP trucks used esch carried apreEimately .
100 tons of pavioad sad covered 100 to 150 sijes > ¢ €
per day. 3Berliet considers that relisbility,

comfurt, handiing, vsfety. 2nd noise level are

prime factors in the design of a velicle for this

type of szrvice.

There 3¢ 8 groring market for rugged, medium-
size off-highway trucks for daily use uvpon the trsils sad
ssconcary rosds which predominate in undsveloped cuuatries.
This market essentislly overlaps *he 3/& tom to -
10-ton militsry truck field. B. D. lrvin {198¢) = P
considers that the Ley to s successful commerciai :
viicle in this field wvill lie in the provisiun,
&t "a dollar s pound,” of 2 suitable Mgh-travel,
low-rate suspension systes to protect the vehicle, ‘
cargo, and roud st relativeiy higher speeds thzn As. . @ ]
8re postible either with current trucks of on-rosd ’
lineage or with ¥Xil-style military trucks in this
genarzel sizc ciass, Unfortunately, thy desirad
reconcilistion of the c932 of rroviding such a suspension
xith zn econowicallvy viatble consumey price has ve?t t- N ® 4
be maue. eather for the civilian or the silitary
Japsnese manufacturers sre loocking closely, but
(50 far as is kaown) usimsgimarively, 2t tRis
sarket [Xswada, 1965).

Troe off-~oad vehicles 1a commarce hsving f} & ¢
perforaance in difficult tervain of the srder of
the sore able xilitsry vehiclas, or better, are
limited primarily to these in use by tha oil
isdustry in their expleration work {n such

extresely difficult terrains as marshbos, muskep, _i 4 ¢
132
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et¢c. Nutbers required are, by norzal productiza

standaris, limjted. As 8 result, t e supply of

; such machines “as been left lsrzely to smsly

specizlists fives, These groups “ave esch

gerierally developed several imeglnative vehicles,

cften unusual !n si1z2¢ or aprearance ind coften

tsilored to 4 relatively narrow renge of condjiticns
{Pobin-Kedwell, 1363; Tucker, 1993; Quslity, 1764;
~RICO, 1364]. Some of the marsh buggies -- deginning
with the 1939 Culf 4x4 oa 10-foot tires [Jacobson, (3¢5]

\ end now eremclified by warisus lightweicht frase
mechines utilizing four large Terrs-Ti-es or rids,
H giuminua slat, ponton trazks -- are the "mon-

strosities™ to which Phillippe has referred [1964].

The design approach to sll of these machines has
been entirely straightforvard snd untheorstical.
The requirement for untnrezrupted modility while
i doing the Job to 2e¢ dome in tke prodlea terrain
comes first and foremost. Mobility ia & specific
situation canaot be faked, and the prodlez zrea
canno? be svoided. Accerdingly, sny a&nd all coa-
straints whizh confiict with these requirements sre
relazxed ss necessary. Cholce of which constraints
ts be loosened i: entirely up to the judgment of
the individual designer. The final scoluttom i3
cften srcived 2t by evoluticn, seidom without
considarable “cut-sad-try' [Nuttall ot sl., 1954].
Cost ic 8 major factor in the desien and con-
struction of such weklicles. Although productios
economies are never pessidle, tha next best thing.
the use of w2ll developed, high prodaction com-

] ponents, is fully ezploited. it is im this latter
are2 that most detailed 3design compromises ave
wotked for this class of vskicle.
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¥dile the orzrall perforsancs of most of the

cepaercial special-purpose vehicles (3 excellent
{2 their cwn specisl conditions, 1% 18 freguomtly
poct fu sinificently different conditicas {of.
Schaide, 19343}, Nereover, seither the limited
ssrket for these rahicles nor tne resources of
their sevsral manufacturers vill suppert the
elaborate sngizcering sad developmeat efforts which
regelarly go iate militszy sad production cocomercisl
dezigns. As a result, the relisdiiity, even ef
thoda built over the yesars ia some quamsity, s
generalily coasidarshly lsss thes desired dy the
military {of. USATB, 1962}, It is psrticulsrly
poor whex the vehicles are usad iz torraizs for
wiich they were not desigasd 224 sudlectsd to the

ltulsted sduse which sppezrs 1o be s msjor
festure of evalootion dy the militsry of this
kind of squipment {ef. Swamp Fex 1, 1962].

Labor economics have resmited, ix ths pzss
ten yesrs or 30, in the developmez? of some bighly
achbile logging equinsent. This work began in
Ceasada in asboct 1950 wndar the auspices of the
palpwocd imdustry. After assy years of sxperimat
is the fleld, the gameral patters of these zachines
is now s531. They are shoert-coupled, ltvrge-tired
4x8 vehicles, steered by framn articsistion, and
are exeaplified by the Cansda Car “Tree Farmer”
{1984] a3d the Xoehring-Watevous “Forvarder”
(Deceign Fsve, 18 Sap 1964), Uzlike the amilitery
GOER's, vhich may ewe somswhat %0 thé®, thay Rave
sdbereé >°ry closely to low tive loadizgs ond this,
with thelr close-couplad coafignration, gives tiss
Aigher "po, no-ge™ modility, aore iz lize witk the
potsatial of the lavge-tired arziculstod x4

comcept. Like the GOZIR‘s, however, thay sre, is the
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interestt of ruggedness, sieplicity, s~3 2p8ce,
smeprung. A 2 rssult, thelir progress tnrough tle
tiobored land for which they woro des)gaed i3
giowsd to & Crav! by tnafr vocugy rile in crossing
stusns, slash, rock3, e!c.

Despize the latter parforszace lizlx, thess
machinegs sre zonsidersd satisfsctory and ziq 19Y-
clutioniting the puipwood industry., Tley ars now
belng 201d, &t $30,000 to §5C.000 per copy, depending
en tize and the e¢xtent of integrated timder hendling
equipaent, st the rate of spprasimetely two thoussad
per year (C. R, Silversides, Ad1tib! Powser § Paper Co.,
Ltd.}. In Canadz, modifications of this tvpe cf ®ma-
chins sre replacirg saall commercisl tracked vehiclay,
such as built by Bosberdier and Nodwsll, in many cthtr
soderatsly difficult off-road jobs, in which, slthcugh
their uitimate off-rosg perforsance is scmewhst lassg,
thelir saicienance and cpereting costs havye DroTes
to de soxe 75 percent lower. The net rasult iz &
reductica in overall cpersting cost of spproxizately
29 percent, and the trade-off is considered ¢ good
one [Camptell. }963]-

Theyre i5 2 srowisg market, particuiazly in
afficent Anerlica, for various 2ypes of ¢ff-7s3d
sports vehicles {of. Gildert, 1968 Cantwall, 1980},
In this country, ¥illys, Ford, and Intemmational
Harvestear now offes spell jeop-3lite 4x& vehicies
for sport or work. Fiftr-five thousand szuch
vehjcies vare 30ld in 1343 [Zaw Fork fimes, 29 Aug
1968}, and Pord estimated that {tz "Bronce” would
sccount {or ome percemt of thair vehicle salss
fx 2968 [Axelrzd, 1966}, Is the considasradle
sarket for this type of saczhiace iz l2s2 dareioped
countries, where feop-type vehlicles sre s2ricily
utilitarian, these U, S. wehiclas coapsvey with the
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more rueyed snl bettcr snrung Aritish Land Rover
{vhich slao offere 2 diesel engine), the Mercedes

Reng Loaimog ling [The fagimesr, 1¥ Oct 1363], and
sinilar slte Japsnese vehicles {lritsmi, 198%].

Thase smail commercis) &x4'3s heve tre jamas Q7der

of eff-ro2d mobility 23 the wilitsry jeen. In

their design, this crder of nerformance snd the
bagically siziler joadings end coafiguvations mesded
to achieve {t are sccepted, sad the englinmecering

2{fort is contentreted or cost reductios, relisdilicy,
35¢ parts retionslizstion, and in scee cases upos
safing ithewm more pcceptabdle faor fsaily oa-road use
[Haretman, 1988},

-~
There iz alzo on the asrkat an iacr;}siaz
range of $til] smeiler vheeled vehicles, triggered

dy the initisl cxcitemert over the timy, skid-
stgered, plestic 626, lov nressure basg-tired
“Jiger” from Canada. Many sre thinly diszuised
coples of the orizinal. Coepiementing these are
growing numbers of very sseil trscked snd ski-2rack
vehiclas essentially for snow snort, of which soee
30,000 werg sold im 1565 [¥gorixe Decign, 10 Jan
1886]. A°'I have heen desianad around a clover
arrengement of aveilahle hits snd pieces, vith 3
apgcific sports msrket and cogtl target in mind.
Rischoff hes cataloged 2 variety of current sasi!l
vehicles, wheeled and tracked, which have recently
beea ozxasined by the Aray [1964]. None of these
toys Resch auvch, however. Roth their job-ahility
asd tholr hasic off-7oad mobkility are jov by
zurrent militery steadards, perticcisrly whea
<osditions are severe.

e Thiatol Corporatios and Robin-Nodwell
have made considerable 2fforts 20 irtroduce some
saszil, commercipliy conceived, tracked vedicles
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into the military svetem (“prvte, Imp, 2%-10),
In each case t'2 Jdesign effeort has consisted of
accenting o dés.red psylead, a nominsl ground

nressure level, and a steering configurstion, which
experience has indicated will gencrally vork, snd

thereafter attemnting to hold weights snd costs 1In
1ine. These tinv, nimhle machines slsays have »
certain fascinstion, particularly to thonse who were
once Roy Scouts. Although their rerformsnce it good
in warginal soil conditions [cf. PRorris, 1964], they
generally servy mainly to Jemonstrate the difficulty
of huilding a small off-road vehicle which is truly
pobile and s cheap off-road vehicle which 1s at sil
reliable [cf. USMC, 1965  Polar Strike, 190%]). A
rossible exception {s the well designed, inernensive
Swedish half-ton carricr, the Snow-Trac, which, in
snov work at least, cppcars aunite pood (Yolar Pesord,
Sep 1964). A sosewhat larper (1-1/2-tun) snow vehicle,

dufilt by Iatehkiss for use hy the Fxneditions rolaires
Francaises in Antsrctica, was unvelled in 1986 ([Phe
gapgineer, Teh 1966], but nothing is known of its cost

or field performance.

Fxcept for some of the vehicles for oil explors-
tion vork in extreme terrsins, and the ubiquitous
tracked construction tracror, current vorking cosmer-
cial off-road vehicles are sleost entirely on wheels,
snd this discussion of desien approaches has sccord-
ingly dealt thus far l1argely vith wvheeled velicles.
llovever, the situation with regerd specifically to
commercial tracked vehicles is fundamentally similar.
The developront of slow-speed canstruction tractors,
vhich sccount for the overvhelming hulk of commercial
tracked vehicles built, has long since ccaned so fsr
83 its soll relationship {s concerned. Their confipu-
rstion, and even their bdesic ground loadings, nave act
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Changed materizlly in 50 veare [cf, Phe fagineer, 1717

lexres, 13181, Tor the johe for which thev sre intended,

however, there aprears to bhe littie to he sshed 1in
this rcesrd. fn genersi, a8 variety of trzck widths
and grouser heights zre zvailable for ealh macline,
which perwits alaptaticn to 2 wide znd useful range
of vorking conditions. rurrent enginetvine effore

is sccerdingly ained 3t incressing life and relie-
bility, reducinz first and onrersting costs, and
faproving “styline’ and operatiom safety, coavenjence,
end confort [c¢f. Rrvant, 17266: ‘ocre, 1786: Ksghle and
Hung, 17838}, rsther than at sitering vericle-ground
relationships,
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Tho Militsry Dwoien Frodles

¥hile the design processes for civiliaa and
military off-resd vehicies desi with the saoe basic
subject matter and mecessazily have sery brocd
etailsrities, there are slse imporeant differenaces.
These reliste t- the sceng of the rroblee, tc ralue
systen vied in mabing desipgn trsde-effs, the great
rumnbder of taageatiel conejderations (i.e., othe~
Lre0 priaars oS performance) whick eater wllitsry
design, snd purkaps wost jspezteat, ths cuwrbersoce
erganizstional procedure by which oilitsry dosigs is
scconpl fshed.

iz the design for cffective ¢ff-rosd operatios
of a ailitary vehicle, tha scope of the dasic
preblen facad is vaiverselly faz brosder than in o
sarmal civiliza commercisl desige. Ihe job te be
dens ind the terrsiz withiam which {2 oust de deeo
nacessarvily are sevre goseral snéd honcy mere coa-
piex to éeal with azsiytically thap is the sswsi civillas
situstion, To the organery commercial design
conilderations aust be 2dded & xwmber of fundsmmmpzal
combat comsidirations; zad whils commercis)] vehicles
cas readlily bde cencelived wvhick sre tsrslly
wasnitable for Lkigavsy use, fow Af suy milizery
vehiclss cas D occepted ualesy they beve rossasble
sa-highecsy senmars. The tetal éosign smse
consider act ocaly the physical situctioa du2, te
8 degree, the strategic problams #f the srey amd
csrreat and projectaé tactical opereticeanl decirine,
Tre probien of fioding ca optimme vehicle caa~
figuretion for the resaltisg muarveidably lagger
range of Rasic job wod terzainm cimditions i
preperticastely more éifficait,




The value svitem used in cptimiing o mi}t-
tary design, whether forma'ly or, ss in the past,
oy "seat-of-the-pants” methods, 13 also wore cownles,
Dollar costs, first and operstiag, aic of course
Important, dut with these must bte talken military
velues which sre often uaknown, even unknowvable,
The value of & husan life, either in military or
Mmanistic terms, escapes quantification., THhe
dollar equivalent of extra speed, extrs reliadllity,
eItrs resistance to immorilization, depends in the
field situation upoa msny factors which are (>n-
tinually changing, So far, not even general vaiues
are svailable for guidance. And ths cos’s of
training, of fuel, of parts, and of maapower sll
vary videly with the strategic and tacticsl
situatica, Cost/effectiveness studies sre thus
linjted oma doth sides of the line. Cost is still
“eslculable essestially only in sisple commercial
dollars, vhile effectiveress, particulsrly in
relation (¢ the coasequences of grester or less
mobility, ix curreatly vimost iscalculadle., As s
result, curient ro.t/efiectivensrs studies, where
they relate 20 mobility, favor dollar chespness
sbove all else.

The cusber of taareatial cansiderrtions which
enter iato the design -7 2 silitary vehicle is grest,
particularly 1a compsrison to thesc for cowmercial
vehicles, Ons increasiagly impeiteat group of
fazters is tramsporvability, by alr, rail, ses, aad
self-traasport over ths highway system {ef. AR 703-
8, Dec 195%; MIL-A-84218, $ May 1760]. TMs group
impeses limitstions cn 2he dimensieas 224 weight
of the vehicle which are, ia west fastances,
eatirely toe rvsl. MNorewever, pascetims cemditioms
dictste that owr military vehicles be legally
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ssceptabie on the rosds not valy of %0 states but
. of maay fereign countriss 8y well.

\ e - r——————

Az eddittonsl set of critical factors iy *
derability, reliability, ssiatsiasbility, aad
loglatic economy, impeortantiy iacludiag parss
rationslization {Rischoff, 1965), Each of these Y J

{ properly esscts {ts shire of design artention and
compromise.,

; All systems and cocpoments are dssigned to

‘ biblicgraphic military specifications which ir -s¢
. ! BYT18d detasssw iequiTeURLLS, euiy semm of which 1
B2y be perr.ne in eay givm desige {ef. WCY-208, 1353). {
Oa-vekicls material, cousunicationt and buzen engimeering
prodlens [Hedgecock et al., 1962) and specificastions '
must be mwrrt. 3Becsuse of the isescspsble inertis
. of the vast Arwy parts supply systes, staaderi ’
Parts and compomeats sust be uwsed teo the grestest
axteat posszible.

....-
L

Porsanxel wolicy -- the semersl leww] of
inteliigeace of the perscan2l vho will be made
4 availsble for operating sad maiatsiniag cqaipment
sxd tis degrve 2f traiming they will de piven --
mx2t be censidernd.

Haterisls used iz the comstructies cf the
vebkicles aust be comsistest with pelicies for »
tllocsticm of critical asterials durisg times of
smergency. Producihility iz f-pertamt and the

‘ feasibility of rspidly iscreasing prodectios,

! should an item become 2 dest seller éduring ax
eSTIeAcYy, sust be comsidered. Fimakly, related
to derapility, reifshilir;, and parts problems,
the designs are geastally largely iafiwenced dy
the 2t3te of cosposest dsveiopmeat, ¥hick fumztioas
as sz izertia tera in the Tespouss squstiea.

¢ The relative importsace of the ssveral
coapeting desigs objects, primary sad secesdary,
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tends to vary 1onf-h;t from time to time. In 1931,

wWlY difficulties with the workhorse 620 “deuce and a
half" were sumpoarized as lack of wobility (lack of
flotetion, axle drag and need f~r locking differentisls),
poor ride, brakes which did not function wher, wet or
immersed in mud, kigh suspension mortality and high
repair time [Cali, 1951)]. As s result, design object.ves
for new tactical trucks were listed at that tize ss

the achievement of:

1) v percent gradesbility

2) 20 percent side slope ability
3) fording ability

4) 35 mph minimun road speed

S) 300-mile minimum range

©) air-transporzability

7) maximum ground clearance

8) low silhouette

9] run-flat tires

10) locking differentials

12) be operable on 72 octane fuel
12) be operable at -65 to <125 degrees F.,

311 in vehicles characterized by a minimum use of
critical materials, minimum cost in voluse production,
and available with kits to adapt it to special uses,

In 1953, the multifuel obiective was addec [Miller, 1953]).

In 1959, Lynde 1isted objectives in tsctical truck
design ss: cignificantly improved mobility, austere
logistic support, improved maintainability, and a 100-percent
increass in duradility and reliabdbility to 20,000 miles *
vithout depot overhaul for wheeled vehicles and 4000 miles
for tracked vehicles. Jischoff, in 1962, listed ths
priorities in relstion to tactical military trucks ss follows:

14%
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1) Fusxtionxl design

2} Off-rocad sobiiity

3) Dursbility #nd relisbslicy
4) Frrst cost snd producibility
5} Pevformance ia envirommenat
¢) Maiatainabiiity

7} Air tzanapertabiliy

3) Flosrability

$) Economy of operation

The 1952 priorities se: for the comvorsiom of tho Came Cest
Lo the XM50) were: performance {(sspacially crese <owmtry,
whiie fulfilling its "intended pwrpore™}, durshility snd
reliability, msintuinability, traasportakility, ecemewy of
operation, sisplicity of desiga, minjieum weight censistent
wvith the foregoing, axd suiiatility for beth law and Aigh
preductica {REPD 62-22, 19e2].

1a 1583, Liston, somswhat parochisily, sev iwpreovoosets
MCcesssry s follove: improved flestimg adilitr and
improved ability to negotiate rivorbsaks, ispreved sdility
ts operTates in aveas that ary preasxtly obstacles 19 off-reud
tTucks, am iacrease ix cperationsl eff-resd specds by s
fecter of 4, and irgroved wexk-seil performaace, paintaimisg,
tia while, fxil air traaspertsbility.

Most recemtly,. ia spezking of the CUCR pregram,
Harshfield [1965] crdered priorities as fellows: treaspert-
ability, maintaismadbility, ruggodness, deradiiity and
reliskilicy; and Moore, ia discuseiag $<em sreck develsp-
#sets, listsd the prodblems 23 “mnisuse, adwsc, seglect, sesd
d,” sad pwt the prioritiss: perfersmsace, reifabilicy,
duredlility, ziniwin mintenance, sam v msistomssce,
csafigeration, traaspertadility, amd ki svailebilicy.
Cerrent miatginabliility geals for tactical trucks Reee bevm
raised 1o a 30 percear capability ef peiag 10,000 miles
with saly wait soppert, 20,080 miles with exly dizess
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suppert, uwith g total of oniy 79 hexrs of unsckedulad
auiatemence [Koore, }96%).

Atl the vricus requirements, whether basic ez
taagential, are interrelated i3 veciows ways oxd degrees.
Figure 4 displays & very prolisisary check matriz chowing
8veas vhere strong interrelstionships uswally will be 1
foued to 3xiszt [Sitem, 1965]. It is clear from this ]
diagrze that overapecificriion 2sn qelckiy froeze s
desigm te the yoimy where the vekicle engiresr §5 lofe
%6 choices, or ¢ves to tds poiat whers all deofs
Teguirements caansl {n fact bde mel, Sites hes slze
] rugeeatad 228 usefuiness of us sdditionsl matriz {Pig. $)
tgiving gesneral pricritiss te be followsd ix msiiag the
trade-ciffs during the desiga process. (His displsy,

88 will be 3een, greatiy favors sebdility, bl ke dees

1ot present the basis for its comstructiom.} Yvom with
such gaidence, howsver, it §s cpparent Azt suidst sochk

& wolter of considerstivas of varyiag ispertance, prosomted
usually iz varying deagrees ¢f quaatification uad dotaii,
the bssic dut smorphows coasideretions wkich relae

20 the job to be dome, the very mison d'etre for the
ceatire machine, asy get lost ia the shuffle. & S ¢

The finsl ané prebadiy most {iportast diffsremcs
botwewn tie military and the cemmorzisl design cporeeschk
is the leagthy, couplex, zad cusbersoss proceders by
vhich s militsry vehicis procesds fros requiromests e
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: issve, which tends to compownd difficultiss et loesz & ¢
iy i as muzk a3 it is iatended 15 redmce them. This focet of
: g the prodiem i3 owtliaed in the soction foiluwimg., Salfics -
bo o it ts ferecast at this point that the swnber s pewple 3
DA izvolved, the nwwber af voices which smst 3e Dearé sad ;
E“ T sotisfisd, the interasciac pelitics izvelved, are west, ¢ ¢
P Coszitice wnon comnittee ka3 i2s criribatian, while i
e thers i3 e cme truly recpemsidle fer the everall resmit
y 62 any time, Cme piretal wpshot L5 a tise dolzy detweca ;
N 3
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lnitistion of a request for improved squiyment 37d
tts fing) production wihich hag reached a3 auch 23

ten yesrs, Partly #3 8 7esult of the 1ong time
dolay, psrtly ss 8 result of the comeitles approach,
priorities and goals change during the couree of
developwent. The prodles has dees lidensd at the
technical level t0o ons of firirg usen & moving target
{Ravey, 1964},

Beyond sll1 of these probdlews, vaich relste to
the conception and delivery of s sisgle design of
venricle, 13 ths pimple, long recognized {act that
ors vehiclc does not make an srmy ([Marteli, 317317,
The moblility of ar srwy depends upon a coapiete
system cf vshicles, T 2ddition of cne supermodile
machine to an existing system of essentially rosd-
bound velicles can have but little impact upon
the totsl situstion, Reccgnition of this factor
adds furiber inertia to 2he dosign process, making
it ever aasisr to favor ~obility solutioms which
do not altyr the ctetus quo in preference to tie
more rsdicai solutions which slome cam produce
mavked izprovements. (la fact, the order of gaia
ia acbility desirad st this 2ime can prodadly only
ba achieved by starting fresk to dsvelop &
entirely new systomw, unfetisred by tha lack of
wobility of say or sll currest mackines.)
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The Bspic Milltsry Vehicle Dovsionvsnt 2oute

*Phe sverall pregrem . . . kso
doeoaw amsk meye eoaples in £hs pezt
tes yo&rs or sc.’

- Borpisen, :283.

Ia erder t3 underctaad seme of the prodlemn
wkich carrestly comfound the zrsa’iom of nsvw, more
effective miiitery vekicles, it {2 wsefwl te traco
the romte by which & requiremost i3 érwelcped
{mslier, 1964] asnd perizps uitisstely felfiilled,
mé te moet tke {acredidle aumber of peopie whe

will have their Ziagers im the pie befare {2 is
dona.

Ome of tha acjoer festurss e¢f the Arwmy reorgaa-
f3aticm of 1962-6) was tho comsolidetice of Sasic
systems sxd equipmeat developzent sad proceurement
l1argel; amdar the Army Msteriel Commead (N}, axd
the centralizatica af the comdel dewicpncats
functione 2f 31l area undsr a siagle Comtat Develop-
meat Cemmaad {CDC) [Kar7ell, 1963]. Tha ccoplete
systcm is sesigied to desl vith anything from 2
paper clip, Mark I1I, 2o a worldvide catli-satisissils
system. Briefly. ia realatisa te wvskiclcs,
it ver2s spproximately as follews.

Recd f5t ¢ aew webicle nay be suggustad by cey
of smmerous scercss, incinding fisld ferces. KB
groups, the ssveral traiving compends, o7 vitieny
eckaloms of CLC itsslf. Paek sucd sgggertiom s
forvsrded to CDC, which reviews it iz raistiom t
the Aruy's larg-range plaas ané fvetsre reguinv-
penis., CDC reviev includes evalustisma by its
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apprepriste service groups sad {leld :zzerstione
sgencies (such as the Service Support Creowp and

the Transportation Agency) sand iafcrasl coorlinstie,
st each level with iaterested servicy schoole aad
dboards., A primsry odjec: is to estadlish wvhether

or not there is & dbons file need,

If this is agreed to, the propossl is sent
back to COC through chaanels, and there i3 msds by
CDC {ato a request to the Office, Chief of Resesrch
sad Development (OCRD) to estsblish s Quslitative
Materiel Tevelcopment Requirement (QMR) for he
ftem, The proposed QMR will generally iaclude the
following:

1) statement of requirements

2) cperational, organizational, and loglstic
coacepts

3) Justification, feasibility, and priority

4) characteristics
8, performance
b, physicsl
C. smsintenance
d. huasn engineering
¢ priority of characteristics

$S) personnel and treining considerations

6) sssociate consideratioms
8, training devices
b. specisl tools
c. kits (to be developed comcurreatly)

" 7) cost target

In order to give AMC time to thiak about the
probles, to begin determinstion of its techaical
feasibility, and to check om cost and perfermance
targets, the proposed QMR may de coordinmated with
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A end its sutoentive develorasnt sgescy, the Arey
Taak-Avtosotive Centsr prior te its ferwording te
OCED. Coerdiustion with oversess coumands, the
{oatineats} Arwy Cosmsnd (CORARC), sad etikar servicas
and vhern macetsary, allicd armies, Qsy olss de
uadertaien 8t tX/3 poisnt.

Upsa recelipt of the reevest from CDX, OCRD
axomizes 1t 7or, armomg other things, techaical
fessibility, aad mey pose 27 reject §t, rocsanend
furtbier study, oF suggvsl that it bde fervzrded te
the Assistant Chiel of Staff feor Force Nevelopment
(ACSFOR) for lomper-range copsideratics as ¢
Cualitetive Meteriz]l Neveiopment Objective (CWDO}.

If accepted by OCRD o3 needed 2ad preseatly fessibdle,
it decor ; & OMR (or revhses sa SOR .. Sgsll Cevalos-
sent Requirewext, which is cssentially 2 jumior OMR).
Skould its devolopwent reguire tubscantisl new sorev,
Mowesver, 12 i3 referred bv OCRD te the Materiel Reouire-
pents Keview Committes bdofare it fizally becomes g OO,
This committee it & perBeucst Chief of 3Staff fuaction
coeposed of deputies ts ACSFOR, Depwty Chief of Staff
fer Loglisrice (DC3LOGC), 2ad NCRD, withk CIC, AC, zad
Depaty Chisf of Steff for Perscasel {DCSHERS) repre-
sentztives 83 regular sea-veting particisamcs. Is
praciice, sbout £ peorceat of the items sassed by OCED
do net require this review because the moeey reamired
tad br hsndied undsr exiscizz, fwmdad pregress.

1¢ spprcved throwed INiz peiat, the proposed
requivermnant hacomas a boma fide ON® and is sateved
ints the Combst Nevelooaents Obiective Culde (CDOC)
aloag with akay, aany otders. I mav sew B2
feaded, vhen and 4§ lts priericy ratisg i3 sef-
ficleat ia relstion to tetal ovatladle fumds.
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Up te this polat tAa provesed sew requirsment
has dess evslaaivd on numardus levelr:

1) at the criglnatirg egency o7 {adlvidusl’s
level

2} st Ccsbat Developeeats Commend 3taflf level
3) a8t COC LSroup level
4) 1a the varvices COOX Grox, sgeacies

$) ia the Army Materisl Commasd (st vsricus
leveis}

6) im the Fleld Arnles

7) i2 some other services, wad

8) in gowe cases, [a foreign aflitary

services

Ia fact, at many 2f thase levels thers are 2¥o
opporiunities for avaluztion: om the way down
through the chsis end ajein oa the way +p after
tommants frow lovwer echalons, Is sédition, thers
sre irputs {rom the nocesssry crois-coeréination
detvesn groups st the same lsvsl,

Evsluations «t seed lovel comsider thc
following pofints, ia vazious degress:

1) 's thsro 2 resl need?

2) Is thera & 1ika ltex aliready ix thle
arstee?

3) Are commercisl {tesn svsiledisc which will
do the job mot ss vell But im an zcceptzidle
saaser?

4) 15 the fcom technicalliy fessfble?

3) 15 the tactical or strategic corcept which
eavisions usn of the item sound axd
dofinlitely is imaodiste, laterim, o1 long-
reage pleas?

¢) hat sre the humaa ongineeriag sapoces!?

L}
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7} waae i3 the tleo echeduls fer deaveicpment?
8) I3 tha cost prediditive or scesptodle?

?) ¥aat festures of 239 requirenest cas de
¢hanged te reducy tae case?

'8} How will fumdicyg bo herdled?

The 2perroveé OMR {s retureed by OCRD te CIX,
vho forvards iS te AMC for final sctiom by 122
tochricel committes, TRis sctiza comsists of final
coordizption with the other sarvices, ostshlishasat
of 2 beaeio sf issve, detaruingiion of tochaical
fecsidility, sstablishment of funding, »od ss9ign-

aeat of the task to a developasut cemter (pyodably
ATAC) .

The tospensidleo ageacy will delisente detign,
prototype, oad prodiction esgineeriag prodiems
fzvelved, 1f tie item is » mejer eme, tho werk
will usually de done tirvegh cemirsct, Uader
current prectice, tha {irst step i3 te ebtaiz,
wader a awxbyr of smailer coatracts fres esch of
sevaral prespective develicpers selectsd tiresgh
compstitive bidding, s Prosram Defialitiocm Fhase
FPisa. la these studles, each selected coempany
spells out ia detail the exteat te whish Sovalop-
et objoctives, performasce, cects, and scheduler
cea be met, Thess studics srs intended te ssiure
thot seior develepasat projects vill dbe wmdortalsa
saly vhen the scientific preblenms have bew selved
sad caly 1t enginearizg remsias te e dome,

Of course, ia the cats of & mefir new devilop-
st prejsci there is ajuays tie 2eed for spprovai
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from the Offlce of the Secretary of Defemee (C92)

to undertaske such 8 development, zad sudsequeatly
both the Office of the Ass'staat Secretary of the
Arwy for Research and Development (ASA[R4D] sad

C$3 will approve tae Army's Prograa Definitioa

Phase Plan and averd of coatracts for the essuiag
progrea Cefiniticn studles, In sdditiom, 03D must
spprove the selection of the flasl prise comtractor,

The cycle to the avard of s develcpment com-
trsct may, in the csse of a sajor item such as a
new maiz bettle tank, take 18 soaths or more, (The
period cf gestaticn of an elepasat {s approximately
618 4ays, but it {avolves fever personalities.)

¥ith the avard of s contract, sctive develop-
mont be:ins. From this point forvard, respemsi-
bility for the development, testing, amd procure-
sent nf the vehicle system rests vith ANC.

“Prelininary designs are developed sad tcst
rigs sre fabricated. The test rigs are tested by
the contractor and by the Government duriag sa
Eagineering Design Test phase, designs corrected,
sccordingly, and the development pilot models
fabricated and delivered for the Eagineering aad
Servics Tests. From sward of coatract to delivery
of pilots may take two years,” ®

Esgineering aad Service Tests sre coaducted for
8 period of spproximately ome yesr by the AMC Test aad
Evsiuation Commaad (TECOM) at Aderdeen Previag GCrouad
(Sissom, 1765]. “If sll goes well, and it wsually
does a2et, the vehicle will de Type Classified

*Quetations from Norrisea, 19469,
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884 A, and 1t \s taea resdy (a7 the productiiem
prases.” 7Prequently the pretelypes ere msde
svailable for 1inited flold tentiag by user grewps
bsfore & decislon is tolea, which usesily leads te
soas further change,

“Threughout Che dovalopmeant phase, s auebor of
Ia-Procass Reviews are held. Those are itteaded 2y
vepresentatives of tho iaterosted Departmsst ¢f the
Arsy Staff efificer, of ths laterested Arey :itoriel}
Cramand offices sud-comssads, ead test cgeacies, of
the Combat Developmsnts Commard sad of the veriess
Astarested diractersies aad eolfices witdia the
Army Taalk-Antometive Centar. At cach review,
dspending 32 ths devolopmeat thase, tha desigs,
meck-73, protetyye, and tose reswzits srs evaluuted,
éiscyrsed, aad approved or diisppreved, Each
tepresontative comsiders whether or met the
iaterests of his agency are s:5tisfisd and, vhers
not, comsronise, ceordinetion, sad cavTectiem pmst
de accempliished., THese reviivs cswaily de sisciose
geps axd deficiencics ¢f oss sert of amether, sad
froquently reswll im pregram delayr defore the
probieac sre resolvad,

*The 7irst of e production phases s the
AMdvraced Prodectisa Eagisoering phsse. following
preiiginary programeisg, revievs, apprevsis, amd
nagotintions, a coatract i{s averded {(mermlly to
the doveloymaant comirector), York ia this phase
iacivdes preparstion af prudection drewisgs znd
specifications te allitary atsadards; cerrection of
reseiniag deflicioncias; product isereveswst; vilws
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engtzsaring; fadrication of pre-productica pllot
vekiclsy; engineering for {uspection gagso rad
procedures, packeging, publicetions, g2ag repsir
parts documentatioa, ssinteassce wxgizeering; and
Zerivery of & teckaical ds.s psckage suitatie for
competitire procuresment af the praductics wehicles,

“Pro-production pilots sre suhjectad ts
additionsi *ests st Aderdsen Provizg Crownd for
verification of the productios design. Correcticss,

if peceasary, sre included in the preductios dravw-
iags.

"The finsi phases to first productios include
progranming, issuzsce of Iavitations for Blds (zovw,
ususlly om a tweo-3tep, S-momth basic), selection of
low responsive, responsidble eidder, avard of pro-
duction contract, production lesd time and, at last,
delivery of the first productica rekicie. Comcur-
reutly with these sctions, & Productiom Enginesring
Comtrsct (PEC) {s svsrded, cftea not te the pro-
duction vehicle contrector, to provide {or continu-
ction of essential enginsering support after cowe
pletion cf the Advanced Productiom Eaginesring.”

Thas first buy is eftys sodest, Succeedisg
buye depead upon the {ield scceptsnce of and damand
for the final productina iten, IJsaxmuch as the
developeent of fisld demand i3 largely the result of
axposure and sxperieacs, the “spread” of s nevw ve-
hicle ta,oughout the Arry is ofcee highly dependsn?
uros plecing & sufficient number of the new sschipes
iz the haadz of units which can properly 2sploit
then, The vekicle producers sttempt to ald accapi-
aace of their psrticusier product throwgh edvertise-
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werts ia various Arwy-erieated journsls, slways
vith the uwswsl Nedisen Avenwe towch (e¢f, Arey,
dreey, Ordnssusce, any iysve),

*More oftea tham mot, the tims {rom estadblish-
agnt of & requiremeant to issuance of vehicles te
the troopsa is six or sevea years, or eves sore,
Mis is ton loag. Chviocusly, ‘ecision mating delayr
oa the part of the Covernmest Caan OCCET 8% maAy
points; delsys can de experienced by the csatracter
for many reasoas; and, once the vehicles sre os
test, asy failure cas lesd te down time, redesipn,
retest, and evea a complete reoricntatiom of the
program, To overcomse some of these delays, the
phases outlined sbove are often telescoped, dst
such concurrency may create additiomal difficelty
ia schievement of all techaical cdjectives. Veny
delaye reanls frem a lack of elear nnderetanding
of uhat {s epeeifically required by or of cesh
speney partisipating i{n the progrem, {neludiag tie
soutrector.” (Italics added.)

ia the context of the preseat study, this
extended lead time has 3several impertamt ramifi-
cations, The fact that the time from ceaceptioa te
preductioen of a vehicle is of the erder of six
years or more, taksa with the sormsl Lwe-te-thres-
yoar rotation of efficer persomasel, mesus that the

full develepusat cycle caa be expecevd te spea twe
or even three chaages ia nilitary persexmel st each

level iavelved, from the Cemeral Staff, through the
development sgency and the requestiag ageacy, te
the woer beards, It is even pessible that {¢ will
bridge u chazge ia astiocas)] adainistratiea, with

1%




perhaps cliianges both in policy fcr the Arey end ia ocur
intcrnativnal stance. While it |3 one of the isportsat
functions of the senior civil servents in rcspcnshle
technical poeitions to give continuity to the cctafled
prograas through thete periods of flux, they are

not slways able to do so.

The result i3 that time and definition are
lost .n the development cycle through repeated
variations in emphasis and even direction during
its course. In large part this stems from poor
comsunications, lack of testable specifications,
and zonsequent lack of clear lines of responsi-
bility for the success or fsilure of the finished
product in meeting the actual field needs,.

In the absence of quantitative expressions of
required off-rcad performance, each person reading
a QUR, for example, i3 largely st liberty to place
his own interpretation om such nedulous (bul
normally used) tarms ss “aiaimum,” “maximum,”
“optimum,” e3c., in relation to mobility charscter-
istics, especially when the same document specifies
quantitatively snd with great care other required
or desired festures which are often of less actual
importance to the vehi:le's complite function,
While this lack can usually be temporarily plastered
over by s meeting of minds betwgen personnel
fnvolved all up and down the long llne, the cracks
open agsin whensver the faces change -- &3 they
must over so long & period,

, -

The probles is compounded when each person i3
in practice free to assign his own vaiwes to the
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The Srsta. !a Action § » ¢
The sdaiaistrative procadures by which i &
¢

requiremats are cevelopad, formalised, sad ected
upen i supplemented on thy techaical sids by
continuing 2¢udies to eplore the feasidblllity of
nox vehicle configurations end the potamtial use-
fulness of new coponents nrade possibis by the
ripid advaace of techanlogy. Comcept sand dasign :
studies, fisld end laboratory tests of commercial
sachines of interest and the comstrectiom of mock-
vPs gows om comtizuously.

)
L 4
-

During the period 1955-1962, 17% projeces of
this nsture vere conducted by ATAC in rel-tion to
logistic vehicles. 1In addition, durirg the same }
seven-vear period, 35 "idoa™ vehicles were bduilt S ¢
{Bischeff, 1962]. (The term "idas"™ is used to
distinguisk these mochines {rom these for which
prior recuiremezts had beer estsbliched, rsthar }
than to imply that they wvere umiformly imagizative
is concept.] At the ssse time, component develop- » o ¢

men goe3 on contiaucusly cr all major and minor
systems,

—
ey T

PO ey

Componeat devslopmert i3 generzlly guided by b
projections of component raquiremsats growiag ome
of other studies. Wies, 33 Xaa often been the
case with respect %0 mobility, the earlier ctudies
are unimaginative, tle compoment work becomes &
drag upom rapid respoase to pew idsas and neovw
situstions., The results of thsse studies, tests,
and developments ars asde aveilable to those whe
formlate and/or formalize requireseuts, :ad jomstimms
becozs the Dasis for new rasquireaesnts.
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. Iz recant yvars, unésv sressurs from Aighey
scholoxs, thers has boen Incressisg 2tisasiom te
psramecric design studles, fateaded to optiniae
the flanal sechkaaical configuwrstions of new
vehicles., The togrm "prresmiric derign” i3 eoit
oftan 332cciated with sircrsf? developaents {¢f.
Moss, 1982], {a the sircraft flald i8 refers

) sslely ts the optisizaciomn of mechealesl dssipa

to 3¢ccompliad ztatad, clearly defined missions,

in eccordsace with & scated vslus systam. Devsiep-

e of the missioam profile aad tie velow sysiss

i3 the fumctiom of a prior operatioms amslysis,

By this definition, much curreat Army wsages of -

the term paraastric desizn, 83 ia the Xaic Battle -

Tank-1370 (MBT-79}) “rubber taxi”™ studiss lef.

Shiovit:, 1966], actuslly refers 2o opsrations

maiysis. Although Soth roguirs the osme basic

information {albeit ia differeat d=2vsil)

e far as terrain améd tcrraiz-vehicle reletiomstips

&Te copcarasd, the fumctions cap and shemic be

gaparated. ¥Ndether separsisd eor ret, hoscver,

the succass of ths basic zpprosch sitimslsly

deponds on valid mesas to imcorperate betly tsrruls

3 &nd tevroin-vedicis inforeation ixto insglyses eof

tha 20t oporetlonal asalysis.
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| I8 reliziom to the complats aﬂu’t desips
procedsTe, ovenls whick led te the deveiopmmnt of
the currert propesed fomily of high aeblilic,,
tactica. trucks (D55, etc.) are illustrative of

7 the cieplets systea iz acticm (Hesrs, 196S; ?‘
i Nerrisoa, 1985]. Ia Nevenbor 1938, mew military
i chsractaristics for tactiecs]l truwxs vers propesed.
; Darirg 1957, ATAC comidnctsd cemoipt aad idsa ” 3
stodics, aed 12ts im 1958 the firse pregetypas ov .
idas whicles wers rmmaisg. 32._,:
23 -
L 33
%"_ﬁf

g MR T
I B e L e
: ks Il et ol i LR §

R I R R I el e A A i et A SN e T et ORI

1
1
{
!




— v

V(S T Y T —— o - v
H » .o

o e e e am—

The experience with the tast beé vahicles was
uade kaown te the using ssrvices who, in Oclober
1380, produced & study [NOYIR, 13463) statiag tlat
durisg tho period beglarirg i3 1%63 the Arwy should
be equipped with truckr whick were fleatsrs, of
lightweight comstruction, Bevizg seitifuml
crpability, sad & ircrezzed loew) of 6ff-road
wobility. Fellowizg this, sxistisng protoiypes
w219 wodifiad and vetosted, méd la October 1361,
pev militery clarsctoaristics for the tsetical
truck lise were spyproved,

In 1963 gad 1344, comtracts were let for
wiperissatsl prototypes (actualiy “yzcond geser-
etion” versioms {a light of the sarlier work). Iy
March 1268, coutracts were let for fimel pre-
production pilot vodels of oea of these wehicles,
the S-tou 1SS, That coztract ves of particalsr
latersst fer it, {c2 the flrst tim, f{mcluded the
comstructiom of “tsst rigs™ [Slasoam, 1963) im
sdditicm to preproduction pilsts, fcr use by the
coatractor aad ATAL ia coatinuiag daveiopmeatal
tasts duripg the pericd whex tbs pilot acdels wore
deisng svslveted ia cther srvas cf the system.

1 H

Dt
~ave £ o

e

o b i it bl s

BN N

b whe,

|
E
g
z




— Bk S A

-

— v I e P ——m

At il @ e B e

Revevurs Timw

Prier to the 1343 reorgarisation whick crested
N, 3089 sert of Tocerd vee et by 5 doveisopmont
¢ycle for tho Nis)l 1/4-tce treck (the curvront {ads-
pordently suvspendad jeep [Pasrgustis, Lrsomwv,
L960]) . which teok eprrezimstely taa yesys from tke
Ini2iazion of the project {nos 0o beglaning ¢f tie
pRaff verk %o vstablish the »reject) matil the
fiet prodaction celivery [{Sidley, 1904). Desgits
this great elcpsed tims, the reswiting velkicle,
which has aow been ia the ficld in yuasiity fer
sypreximatoly four ysars, {5 262 censidered
catirsly satisfoctasry. & progria te obtaia s
Teplacareat 3 oxce Reve swstsre, meblle, floetadls,

sisplier, md chespsr 19 mdervey {RFP ¢4-22-511,
1964].

Tie appreximate iime $¢2)d wpen which develes-
Rt 9f several mare recewt carge veikicles haviag
isprevrd mobliity has precseded, &r rocemstrwctod
from published astevial, {2 sketched it Table Vi,
Times she=m comfirm tkat spproximstely 31X ywsss
20 ¥y tetweon thHe cstadlishnent of 3 dofinite tas
ond first preduction deliveries. ERatsblishmeat of
the taxk mey in tsra Y@ precsded by jevaral ywars
of 2tudies, 2232 bed velspurat, ctc. Despite
thé spparaat argpacy for step-gp traasperistios
ia large parts of Yietsem which gomevotad the
ASPA/Buskips/CRrysler Eersh Screv smphibism, §t3
develcpaent 2ycie, irem study tArougk design,
conssreciion of test vigs, aad uitimste rejectiam
(37 3 cenxittes), wes 1ittle bottar. Study dagee
in 1942, s #1132 test rig 2pposred in Deceudew
13¢1, aad stacesids tests iz reistimm te fW2
dssigned fuctiom were amly cemistad ia Cclaber
1964 [Yewmoyor, 1565).
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2ot 2ll peccoting davrelepasats beve beon (uits
a9 lofsurely. Sxyleiting erperience vitk prier
LYY édevylepmnciis s3d the M73, ths raccessfwl
tyscisd H1® drscred Perseaael {srrier preveveded
freu voguirensets 15 first delivery {1933) iz Just
48 Banthe, aand ity still pere saccessful succerser,
the R211, Ia spereximstely i3 sseths (1939). The
Csroed, Seedisk, Fruacy, 2ad Jepsnesa Aeve sach
since deveroped similor vehicles ia sbamat the sese
time spm, lincugh the British F.¥. 332 A teet
apyrazizstely five years {rom roquirsasets e first
dalivery [Ogertiewics, 1944, 1944].

-

Evex thesd respectsble rysgemso tiszes reflect
castions pescesime camditioss. bewerer. Seue WII
e@periesce eay 50 cited driefly te isdicsts tho
*der eod of the scale. Jwst prive te ¥, $. satry
ints the var, bet foliowing o lcug peried vies
silitery satears were {37 from fercnest smesg ¥, S.
prodlems, tie spem {rem zsceipt from the Arwer
doerd ef proposed ailitery charactoristics fer what
vas te bocsne e seccesslul -4 Nodivn Tank wmatil
production of 16 waits per day was Il aemtas, Of
this, seme five memtls veve spest s staff werd
prior te begimming sctuel design work., Tuserd the
end of the wver, the spm from faitiatien of the
roqeest for what bLecame the NM1S, 7éam, G Neter
. Carriage -~ {5 its vay ss radical & vehicie 28 the
%4 vas Sofsre it -~ threagh preduction of 18 per
day vas ealy 13 mmmthe [APC, 1943]. Sritish
sxperisacs wes sizilar, ile {2 wae sesrly fear
youars Irus the izceptisn ef the "Churchiil™ tand
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20 large avzdars belzg In tie benés of treeys, tha

tact Prince,” 1¢3 terended successer, Sad e the
¥3? vuded procosdrd frem ths firs? €lscesslons
ressrding fts porslidllitlas throush MIwpimes
trialis (B jasl owe yesr {51d6, 1946}.

0f particulsr isterest frow the viewpelist of
preseat iutersst ia impreviag sodillity, 15 the ¥WUI]
develiopmoat Alitary ¢f 2he Tomiarsdlc NIV ¥opsel
{Chuvrcalilil, 1943]. T™ha eoatire prejoct vwas wader-
telez o2 a “crzsk™ basis sutside the exitiizg (amd
v rhurdencd) Ordazecs Cerpr cheumels by s teparste
sgepcy, t3c Office of Scioatific lesesrch uaé
Jovelovmenl, vhere ™. . . & woll comceived prejoct
ceuwlid psss trrough tha eatirs rsview precodure,
become suthorited, and actuaily gei started {a 2
veex® {Jush, IM3]. Praject respomsidility ead
smthority vere both Bighly centraliized.

The szatod requiremst whichk Isd to the WYesnsel
was (Priefly) feor s 394ll, versatile, air trams-
portsble sschine for usé prinsrily, det ast salely,
iz deen xsew [Silverman, 1988}, The dasic fdce vas
fitse put bafare tschzicsl veople om 1 My 13427,
aad dosign begar on 17 Moy, The firet medel {7-13)
woat inte preduction {d Xevesbar 1942; the secesd,
complecely redes)lgmed model (N-19) in Asguet 343;
ol the fina)l eeplidiees yerziom (N-29C) §{a My
1844 {TSAB, 1943]).

The trely temcrisble festare of thiz cycle i3
t8at {3 covered 2he developmmat of 5 tetally mew
pschine for wse in am oxtreme rad Altdarte largely
mcsnsidesed saviressans., Its £first rovea asatihe
spamned oxtesaive testizg {(amd rejaciien} of ali
vehicles than svaiiablo keving emy sav-goliag
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potmatisl, and iatemsivr proctice) Tesecrcd om the
camtreliing fostures amd prexevties of the tovrsis,
The fizal prednct 2tsads ts tRis dsy, ever tvealy
yeers lafer, 83 porispe the mc.2 woblile off-read
vahlicle sver acorpted [ata the creals of stamderd
Aty vedizisa, 5ot emiy {a saow, bdet ix s wide raxge
of other severe off-read cowditicms fownd all ever
the vorld. Thes, slithsegh srigiaally cemceived a2
& "spocisl yurpess vohicle,” its eutstamdiag
meblility crested fer it s dnfisite alche., By B2
war's ead, 3390 W-19C's were preduced {plus 373§
sarlior medels) 2ed 13,000 mere wore am erder. Aad
tals vas despite swmcrews aschemicsl doficicncies
aad & dafinitely linited field 1ife. THo lessem,
perhays, i that while “medility” comzet be seld @
paper -~ 3t 10862 Bet yet -- i3 i3 welcemed {a
2ctuel flold comditians, evem ot “coats® which eco
considervd Jmsccoptadle dack st the hama effice.

As 8 finsl sxsxpls of wdst it peesidle wader
higk pretsure sad vdes, asdditissally, requirwmests
ave met issefar as procticadle thremgd the wse of
prevea compensats gnd cvailadle tickmelegy, !s the
dsveiopices, slse wader O3IX3 esaapamint, of the WVI!

DOYH, 3-1/2-tea €36 smphidicus trwc) (Stepbens, 1944,

0S2D, 1946i. The csmcept, dosed wpce cewversise of
the thoa standsré Arsy ~deace-and-s-haif,” wss first
breechad am 19 April 1942; the firsc pilet sedeld
was wnder o2t 3y 3 Jwme i$81; the first preduciice
mdels wors delivered 33 Neverder 1943; sad they
wape flrst sted in queatily ia the iavasies ef
Ricily, 3 Juiy 1343. 2y Decambor 1543, 19 ®mNs
frem initfal comcopilen, preduction wae at s rats
ef 1S3 per mamik, Nsadiess te say, the7e wero et
2y sialess cammitise meotiazs is tho iatsria.

168

Credprawy —

‘.‘W’

IS Ji"'}

2.




i
o s P ~ 2 T | ed <58 i
3

B - N - .ot - D
) .l =

§

|

.
@0@

The grodliem ef rospomse tlas i3 s ceriows |
o, wsll recegnizsd lo its tlms ospecte &t sll
levels of the Arwy, clthough itz sffects vpea the
witisate sxitshbility af the finished product 4e not
eppedr to be 38 fully apprecisted. A 1941 Arwy
Eegulation {AE11-15) hed &8 its ebjective the re-
dwctiom of lesd time frue project iaitfstiem té
fizst production roll-eff te & naziom of foor
years, soemiszgiy ¢ medest Taeugh gzocel f{a wakicle
developarat ia t29 light of 3ome of tMe expovisace
Just ocsclined., Yst, some five yosrs later, syecisl
srgaaisstioccasl arrsagemsats (JRATA, PROVOST) have
doex JecesssTy te replace tha “aersal 3-10 yestr®™ |
188 t.ive when dealiag with requiresests geserzted
in Yietaza [Sel{emce, 3 \prii 1988, : ] 4

&

Tires factors distisguish the wsrtine ssd
battsr peacetine offart2 from the resz, THhe mest
ohvisns is 3 seazs of mrgency. But sdditiemsily,
the oore timcly developwents hsve beem chsracter-
ized by assignmeat of clesar respomsibility to ’ ? ¢
1éentifiable, eccesaidble izdivideals zad mmsgoshle
groups, 2xd the divercamsat of 21! tamgemtisl !
rssserch «ad doveloypmint from the cperaticasl lime

by which the requirements are sat in preductiom e
, Sardwars. ¥

- —-—

Wkile mmck of the presvat hydrs-bseded 3gaff
werk wkick screens, checks, aad rechocks the work
from beginning to ond har the lsudadle purpoze of 1
reduciag development tims smd, pazticulsrly, dsller ‘
lezses, its real effect ia relotiem %6 greund- }
| crewiiag vshicles spsesrs te ko guite the appesito.
{ Perhays pressat circomatamces will gemerate t29
seaste of wartioe urgency essaatial s vexxvEag?
grocedures alomg the limes which have provea
EACES. 2Ty 42 part slitestions where tir probloss

wore resl amd presziag.
167
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The Cenoral lupact of Mobility Reseavrch Paswlts

on Dotipn

in muny stees, wesk grownd Cressisg ebility
por es unzy e raquired ealy oczsaricaally, bst
it is nore frequently 2 wmejor eicuant i3 cebined
iopedence systeas. Raceat eatlusiass feor ahetaxis
mnd ride studies sxd the scmmting evidescs that
mary other slowwats of desiyn emter ipte ¢iw off-
o8l perfornsace of a vokicle [ef. Lision s0d Home-
myta, 196é| have tended to domgrade the fipertimcs
of zeft grousd mobility. Regardiess of the {re-
quescy o1 Xxcurreace of the prodiss, hewwr, @
2994 lavel of weak seil mability remsias ew of
the importent "limitiag Razards ™ of sff-reed
oparatice [Radfortd, 1%54) with which a truly
modile sacnine amos DO 2hle te cope, amd Deacs 8
Xay comsiderstion ia its design. Life weuid o
mocl siagler if this were not the cxve.

Te improve seft-grommd mobility, the mesdnal
wmit greend prossure of 2 given vebhicls cemfiga-
ration mst be reduced. This is asz »ews, ul tho
reiaticushiys is isascapably direct. Figure 6 sdows
the perforosace of & single tire ia rond asd 2
clzay a3 fumctions of apprepriats leeding mwmerice
[Freitag, 1543]). 1t i3 evident thet for a glives
tire (Breire width, 4= tire diamear) at & giwen
daflection ratio {4), the tire s drswear psyform-
ance iz a givem sedl (CI or C) decroszses almest
iiwearly as ths asmissl mit gremd presssve (P)
Aacreases, 1a eitksr sell tywo. Porfearmamcs is =3
mres wmal{fectod vhoa an 9ff-resd vsbicls gans ewsT-
weight thaa vhes a best o7 xa airplase i3 swxr-
ineded.
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| Sscendly, soft-grommd medilicy {3 ixpreved by i
sking whateve? steps orv prictical to redwes the «3

poak soil losdiags wadar the wehicle. Tdese ‘}'
i

§

1

B .

}
-

@

facludo sriiculation of 1% rumaizg ges? elemsecs
39 that sach umit csa bsar its appreziamste shsre
of the izad regerdless of the cowvelutieas of e
sarface; ¢ loag comfiguratien to reducey losd
sransfec gffscts om slopes; asd redoctiem in stvvwys
incruments du2 te steerizg; es well as imprevizg
the presrure distribetion between gear (tire, toachk, {
- what Ravs yown) gsd sall ia the cextact svea yer es. t
;

Te izprove obseacie cressing ability, the
wackine needs 8 lomg e9ffective vheeldase, for E
threst, stadility sad dridging vien nocesssry. The vsidicls B
should be ai..calated iz the pitch pleae e that it mey iz % =
Gi.s¢t hois? ftsalf over am sbatscla dit by %it, rather ban 'i
21) ut omce {with scew p3Tt Slwsys i» & pevition e "y
22int2iz foeting for contrsl aad tractiem us the 1y
sthars are scrambliag over) and so as te eveid ]
hsving & “trappiag® dmeasiam. [f the sriicslistiom ”
is comtreclishie, or active, fayther gsoins sre {
poasibia, ;

Odetacle svaidance {3 aided by sgility, the

e~ abilizy of the driver-meckine syeisn t2 chsags
divection vepidly ead radéically, end By kecpiang the
wokicle narrow, i¢3 sinimen turaing redine swall,
ard its swept width during 8 ture te 3 =imimwe.
Bligh speeds scress rosgh tevrala raquirs & iskg
uheelbasw szd 2 deep, sufl suspersiom witk adequste
dzmiag smd voll stskility, amd 2rs 2ided by vedussd
4 smsurenyg wights {of. Ledr, 1944; Slauser, 1%935;
tiztle, 1284]. Provided they sve cowplod with stilld
grezier jesponsion depth for abstsclie shservpiiem,
setive suspenrsism elemsut: thesrveticaily com provide
82112 further 2paud Lxcremyes [of. AYAC, 1263].
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A1 «# theso fu2is sre well kasws, Medms are
arvaileble te 2ako mssefzl (but et Gecessarily the
sitinate) enginseviag celenisntions in volitiom s
ssci, And, vithia its spdere, decige impreveneats
in cay sec dechazicsl aspect of the sert iadicatsd
drirg vith Lien coatizveus improvesonts ia tle
sppropriate aebility aspact, Thsre sre sc
discoatinulities ia thw chaxge in desipgs verswe
change iz porfermsace curves, They are smeeth,
smetenic, incryssisg, vith se lypoviant szemalise,
Be vecarkabls poimts vhore big chazger iu perferm-

ence comt frew small chemges ia levels of dasic ;
Fevamsters,

¥hile thsre are points whers thess modility }
requireseats are themsslves ia conflict &ad recuirs )
¢cempromise -+ the lavge gesy required for seft- 3
grousd eperstion versus the light grer required for 4
Righ resgh torraie apeeds, sad the locyth desirable ]

for mawy fsaturcs sad ths site required Yor low 3
isediage vorsus agility for odstacle sveldasnce, for :

1
ezzepie - tdey sre, by aamd large, remarksbly 1
tospatible. The comprovises domsndad ars feasidie, .
saasgsasls,

.
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lamform icedlings Bacsuse ef the everwhelsiag
igportaacs of samias) greumd leadlzy upss se/t~
: grouad peviarmincey, it {2 fastractive te ezamiae
e plemfera loadizg of vevriena types ef carveat
vekicles. Plsnform lecdizg (5/a), dofinad 22 the
gresa veight ~f the vehicle {ividsd ¥y tha product
of Les everell lexyth and its oversl) vidth,
Rvisesly ropresemis the misfzue MIXT fomsidlo {a
s given wehicis L€ its tetsl piamfery eves comld
= be wxillzad fer grownd cemvart. Pigwve ¥ jives
spprenixetie inrves of (¥/A] versss OV {or cxiriwst 1
PIVLCICE Q2 soveizi vekisle tTiwe. dxceptisg the
bevsrerais, ke éats fros vhich the seversl cxrven
3F9 ¢ ot sveseRably well fit by om squaties 4 ¢
et the fors?

v e o e

e ‘-‘:“»‘Llw..y...p e bt e o oW 3
W
-

LY

e

/A= % (%) '4.

$2atter L, &% cosTsy, grees. Valwar of “X? ars 9
sz foileve: >

Milleary toocked vekicles end tsaks 9.37
armred City 0.25
All-wheel drive militery trecks L9914

Articslatad trecked webicles
{woetly cesmarcial) .18

, } Commercinl marad Suggies 2.13

Aad, niafitting the sams cxrve te Rsvrrerafi te
i pommit & divoet, L inexsct, camperizem,
Bevercrafe Es 8.63

Prom these figures it §3 avident tket, fer
a given groez vericle weight, tho i fHcrenes in

Y.
3

P2 £27m of 3o egnatise Luplise shal
¥ e £Y

{shore 2 12 a sharasarissic liseay didewgics), o7 Adat She
dousity o7 126 weliiclo and 1oed insreesss w1l voliele
81893 $.0., 289 Emterisl o« seshiaary, strestare,

* PeFlead ~= $9 yoaled i3t tHe cavelope o8 tRe veRlisle
8186 DOeBac greasor., thaa veall seexr 12 iiay wsre
s98l2d uy mﬂu.ixy. et eactder s 5% suggeals
R8s ko “vold retie® of the lergee z~8 toads
42 %0 isver tlan i 33aller cass.
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plaafora losdisg detweez a relstively cowrentioms}
iooking vekicle, tad reasonably pricticsl kigh
wobility secchines iy of the srdar ef waly twe,
Pet anether way, tha overall fimcasiomns @f tde
Jattar are ¥ssentinlly 49 pereont larger for the
seme ST¥, TM {igsres 8lsy 4+mamstifatd thst exe
curreat 3reobles with Revercraft a3 eff-rece

{or even on-trcad) vedicles of mmy ressascdle
load carryiag cepucity is clecsly ket thelry
l1inear pisaferm dimenizfons umst be of the erder
of twe te thres tines thsoeo sf tha famiiiac
grovad-cravliers they might zeplaca.

Gf courss, 3= grouad.cravliers, ihe eatire
plasfora eres caz20t {a practice de utilized for
sominal greuxd coatgct oa fizm surfices {sy uted
fs comnuting XVLP). Ia fact, 1t has gsrevenm
difficult im practizal sachines 356 % vtilise
»sre than oaz-half of this ares, and om most com-
ventiomal off-rosd vehicles it 1s fzp jess.
Rosgh figures for sswersl clesses of axisting
vehicle are as foliows:

asmizal coatact ares
S KRR

» I8 ares
Tamks ezd AFC's 0.15-0.53
" ow Crsomd Pressure”
sracked vekiclses

skiéstaerod 8.30-5.58

mlﬂilm ’o“‘.ois
Off-roed troks

u‘ 3.'?'5.19

&xé 9.88-8.12

xs 9.15-¢,12
Argered cars 8.04-8.19
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“>allzless,™ srifculated Rat {Stypiasdl, i3S%j,

the 30-toms “Dellyles:,” srzicuiated dSX-0X

|attall and Themsen, 39383), asd the successful Zabim-
Kedrell wosizg tractors [Xobim-Kodwell Xfg. Co., Ltd., '384).
Thus, the upper velues givenm pratty well 1a3 23 2 X3 34

Mexigus practicel vsiuves Jor tracked vedjcles. A

prsctical wpper utilization limit ir whesled

vekicias, which hes xot dalers boon spproschad,

18 reproseaied by be VA 1031€¢ test bed uom

Tesrre-Tives, which manages te convere ssarly 33 !
2srcsnt of {ts plar{orm ares t> acminsl coatice . )
ares [VXEXR, 196%). '

hg
The trorked vediclss wgaxinad faciodsd tse suall g

The igportance of these latter figures i3 ‘
wedoracared by the followiag azsrazimsts raspes -
ia MIGP which have beea ladica*sd from nccummicsaod i
arperisnce zand/or studies 1o Do aacessare vo .

§ Vv
.

szzure sdeauets perforesmce
ia s ssmpliag of 4iflicule,

of trecked wekicies
el terreins:

. Ficating warzh 0.3-1.0 ps} [Nuitall et al., 1954 ] .
X Deop treeline 1
‘ SROwS 2.5-3.9 psi [Thomsom and ¥ilszon, 39%4} 1
: Glacisl krctic 3
' sa0ws I-5 psi (Mmllor, 1963) i
) Muskoy 1-3  pai {Thomazs, 1861] i
Marskland 2.5°3.8 pat {Cuskov, 1963] N
darth Germza
piains 3 psi {Uffolmkan osad Evaxs, 1965} i
. The lovar figures gererally epply to 3mallsr {
vekiclez (1-27 C.W); the higher figures 1o larger s
sockines (20-50T GV¥); reflecting s geaers] pattsm J
i iz most astersl veak tevraizs of imcrossisg
) stryagth of e zurfacs mataris) at a giws gpot i i
vizk depth. This {83 a “scsle effpci™ wvhich %
] 178 -
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targer vedicles may asplcit §f, as is erdiserily
t2e case, they coa telersta proportiomstely large
sinkages,

Ths sersrel rough flgures gives clacrly
dewoastrete che neot alwevys srpreciated fact thet
low-ground pretsuze vekicle of s givem pattern
a3t be phrafcslly larger thaz kigher pressure
voexicler for the same job. TAsre sre twe siterna-
tives, oack offering im practice osly lizited
relief. Pirst, the pattern of the vekicle 28y be
Chaoged, a3 from 8 “stasdard™ military style
of tracked vekicle to a "low grousd preszere”
comfliguration {heving such less rocw (= the dmil
betwesn ths tracks for machinery, ses, carze,
etc.), or fros s vheelad t9 3 tracked vehicle,
atc. And svcond, 1hs ovsrall weight of the
vohicle may bs reduced, by reducing sithey
fts tsre weight amd/or its parloed. (THe latter
a3y semstimer bde possible Lif its payloed is
asackinery -- o driil rig, 8 werpons system, etc. --
which cam be gpecifisd fumctionslly rather thas
sinply &8s & dead load.)
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The Nelght Prediom

Kotwithscanding t2@ limited extest o which,
ia actugl proctice, welght reductioa c2a sivigste
the Pasie situsticm, Jt {p erideal thal overy
effort wust Y& Rade to sducs rvenicle (asd, 2»
pussible, “peylosd™) weight visre f{ossible, Tils
proslea 13 clearly recegaised by 2ilitary veihicle
speciliars sad designors. s recent years &
tArce -proaged sppresch has besr takex: first, teo
enginesr oad¢ dovelop lightwoight compomosts;
secoad, to erpiore the weight 7eductiss pessibilities
of Zev natorials gand construciica metiods in
cemplete “{daa™ vedlcles: and third, simpliy to
apeosfy lightwe:ght vehicles.

The cospsrant werk hAas deea coméucted within
the conioxt of avtowstive production costs of the
order 2f $1/1% of eupty wvekicle veight, comtrsstod
19 §30-849/1d for halicopters [Rlegwr exd Rubim, 1239],
tsr example. AS & rosulit, scdest weight saviags
only heve cftea bees schieved, 3xé these nawally
st tho expeace of dursbilifity mmd relishiliry. Thso
pondalum i3 swingiag back a2 the proseat time. A
ae trick develcped for the K66 taak family, siasd
et domdling the cuzvyat track 1lifs of adbowt 2359
ziies, xill sdd ono tom (3 pescist) te tha CV¥
of the @ [ATAC, 1%08].

A relatively recemt dousastration ef the
weight-saving possidiliznios ef pew camstructim
authods aad meterials, 2nd of carsiul detallied
design, was provided by the 021, 1-1/21-tem £x3
"Nemsydear™ {Bischoff, 1961}, Jended sleninsam
homeycomb was usted a8 the basic material for its
sesocogus body-frame atrucinze, and alwmines was
*idely used in the power traip, suwspeniion, and
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fumein, revr. TFull civastarge vas €139 13ien
througyout of the guomeiat,ve effects of wolghkt
redacticas, perticrierly {a t%o <asizn ax2
selaction of porer 2r3:a and rTaiag gesr
Ccosporertz. 'w Jeselt wies 13T 1ts curY weigHt
was 63 percaet le#ss thsa that of t)e stzadard

M33 or NIZ5 2-1/2-ton 616, eves tagceg> it {agorT-
pUzates svimming cspadbilities, and its aomrnsl
wall ground prepiure $t gross vweight, om /.58 g %
tives, was 33 percert less, 52il]l eoce ruceetly

2 similsy ezerci3s har bwes rypevted is which
mUgresium wed ectexrively used in the hull szad cad
of & swimming 6r% tes® bad. The weizht of these
toaponents vat reduced to oalv 17 perceat of the
vehkicle’'s curt welght {Trake,  179%], ohich is
comparablc to the relstive stmeIlturel wolghts of
high 3p7ed alrcradt {Interwntionei Sedioxec and
Teaknviogy, ¥Nov 1955) srd rvpresestz & comsidersdle
faprovemsat cver the 15 percent budgeied ta ke
rams ftems o2 the (fully amobibious) IXI4TEZ ¢xb
Srpsrduck (19%8). Lewiplite iscorpersting & sumber
of othar srperimsctai imnoveticas, rot all of which
Yere comsistext with sinimus waight, this zschiae,
e, weighed only sbout 40 percaat &3 =k 38
cosparssle staxrdard machines.

Meither the Homsybear nor thy ssraesiva test
bed wes put through the vrisgsr of fialéd service,
which vould undoubtsdly resuit ia some "deefisg
wp," #ad neither was desimad for the 100 percent
or move ovsrioads at which staaderd devca-smd-e-
2alfs regularly vork. Thei: waights a7 coumszd-
sble, nomstheless.

¥hile no vehicles of such rossrkably iight
weight dhave estered the systsm, the imcrwasing uwse
of lightveight materials ix mili. sy off-rosd
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vedlcler srtesss theg thess e€xarcises &are mot
Complatsly ta vute, 3y 1363, the uxe of slumaum
ta mititary poter vohiclian had cliisbal to 25,002
toms per veer., Oa the high-production 313 A7C
ead tde ampbiblows LARL $5'2 emd LARC 152,
spprovinately oes-half the vehicio wetiht 18
givmieus [dutometive Iadneories, 1 Dwc 178%].

Tia tkird appresch does ot pressml ss
favoersble a2z espsct. Ths game of epe2ifying ¢
iightwelight vebicle i» not sea. The coripinsi
W for a2 jesp, for example, ceiied for a curd
velight of 1300 poumds and & CV¥ of 1300 pounds,
wvhile ths successful Y¥I] mackine out the other
ond of the pipe kad 2 curd vefght of 2170 pownds,
a CV¥ of 1970 pounds. However, i¢ has 3 psrticu-
larly pemicious effect ix the presest coatsrzt for
1f ths running geer, power plsat, fraze, etc.,
are derignod for am wareslistic target GYW, they
wiil 8ll wind up overloaded ia the fizal oachine.

Ia recent years, reguests {or proposs.s have
sauceursged this xiad of dad dezign dy specifylag
(or sommtiscs "deziring™) low mazimae cerd weights
{often peylond-te-cvrh weight raties of ams) wvhith
weye clearly cutside presext streightforverd cute-
=:tive techmology [ef. ADPD 60-31, 1960; REPD
62-22, 19¢2). Those biweers vho take such Teseuirs-
veas soriously sre forced to make rcdical,
expeasive, and/or epparextiy sesarcipoasive pro-
pesals, while others get the work., Whem delivered
veights excved spacificatioas dy 3¢ perceat, &0
pereri, #r sore, with ceassques: overliesdiag of
tha groumd, the power train, etc., the comtracter
sey be chided for “set faciag wp to ki3 vespemei-
Bllities ia decidiag wpon the fessibility of
tachrical proposals fx kis desire to obteaia
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1
comtrects™ [E, 3. Fuebial, queted by Hisbxry, 1984], 5
Yst 20 ¢ze (s {iTnd and me 'ms loden &7 BERET.
Jut vieen, "isiptte being )5 pesvcezt cverweight'
~+« GY¥ -- “teste st Fort Laoz showed the DG23E1"
v $etom 428 COLE -~ “was adle to meot specifisd '
perforasnce exd »obility requirenssts” [AMC-Tilk {
30.3.1.3, 156¢].

VYeight-growth far seversl currest vehicles,
&8s receomsiructied froe pudlished reperis, is
illustrsted im Figere 8. Discussioms of the
proslew vith working vehicie anginsers indicaze
txat some part of the grorih {3 silizidutshie te
the actiem of variocs cozxitises whizh camtisazally
load om sdditiomsl smn-vedicle materisl, smxiliary rquipwent,
€te., duving the loag couvre of deveicpasst,

However, thls apperrs to de omly pert ef the
stary. The problems of vareslistic veight pi-
pesals i3 not pecxliar to the Arwy eff-resd wehicle
fieid, but is alz2e fommd {a Xowy wohiclap ssch s
the LCA {ef. PR 529-338, 123%; Buships, 19¢4] sed
in 120 presumably weight comacious sircrsfy ipdmstry
lef. SAME, 194%], where carefml rarsmdizic waight ests-
natica Las tesn showa to Do scewurats te
apprexisately ¢4 perceat [Marr, 1543]. T
latest =izcalcslation is the PI1lD Navy veriies
of tho cemtrowersial T¥X, vhich by nii-1284 ves
Mre tha) 22 percom over <osige msnisws weight
[¥all Ssrees Joxrxal, 3 Avg 1966]. Cigurs § shen
sthey, etrlior Havy aitcreaft experisance s
Teperted by Beck, wike exphemistically commsats
e o o Somp of 0BT grewth rTeseits {rIe ewvsrly
sp2izistic weight propassly subudtted ia
atwesabhere of flerce competitisa. IR moy alse be
&8¢ that tho desireéd characieristics calied Zor
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ia 123 Type S>ecificaticus wero versalistic” 1
[Hook, 136&)., Appereatly, 22 is the silltary
vehicie fleld, tha biddor che puggeste that tre
king is maked t3 8 dora loser.

®

Sofiice to sav thel the probles 13 sericus,
perticuleriy ia relaticn to design for impyroved
off-roed performance. 1%t solutiom iies in
developiag ciesr lines of respousidiity, ia
puttiang specificstioas im purely functions] terne B
insofar a3 possivie, sad lesving the welght, :
dimeusioes, power, atc., (and somotimes cosi,, '
BECILELTY O €0 the job wp 20 the vehicle eaginmcer, i
aad in reducing oppertunitiss for commities
tinkering curisg 1hs course of the ceaginesrting. L4

A

AZ 8 vore datailed level, it vill take better '
weight comerel engizesring, This will cost
additions] monay. The Navy wsight com ol pregrum
for ships, instituted ip 19¢1, is rveported te case

1/2 percant of the tetal cost of & sAlp [Ascats- i
din, 13¢%],

L visble wolzht contrel progrex for eff-reed }
vehicles must §{aclude daveiopmeat of multiparamesss
estizating procedures such as described fer sir-
craft by ¥arr [1545] Sewsd enginesting snd
Ristoricail sntermelaticuships aurt 2c dovelopad
bztween coapeaant veljzdts, legds, speeds,
éimrnsions, costy, etc. Rough satiwmting figere:
ere nsed by sveryuae {3-¢ id/hyp fer paaeciine
cagines, 1-3 1¥/hp for gas tutdimes  efc.) bot
i ¥hat 15 2esedod 18 meve precisica zad ax scocouatisg
for the croas influsnces., As ox eoxsspls of 3he
latter, Artinian sod Terry havo shewm that, (2 2
f2ily ratismalized sutomsblils desigm, the sdditiem
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ef cae puund tc the welight sf its steerizg grsy
eill sid & furter {acremsnt ef pers ties 0.3
pousd G othe? parts of thre car [1941]. A
beginzing ia relstiom 29 tanis vss made by Keville
Asseciates [1936], dut msuch sere {5 reguirsd.
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The Seicht end Udst of #b{lite

ft e oftsn not rosilzed 2hot sdditicsal #10-
road nodility recquivements will, ot the prossst
jumciure, Segin by sdding to the tare waight of &
veblcle for & given fumction, Counsider basic tire
woights, &3 es example.

Fegression azalysis of pudlishad 4275 on As
wright of & pumdor of off-road tires for variocus
services [Coodyesr, 1944 leads tc the folleowing
simpils equetion for the weight (¥} of s sinzis
tire of more-ar-isse comveaticasl form amd
coxstiructiom:

bd12,%.1
LAER (_i..é.l._.) 3 &
2

(3%} (1

¥; = mayiwam rsted losd ia poumds
on the tips 8t its designed
inflatiom pre.avre. 1f kigavway

operation is tscluded, the losd

[TV

P N

(exd, impliicitly, the inzlstise
pressure) fer thie 2evvice i3
uged.

¥ » undoflectsd tire section
whdth (isz.)

4 v wndefiectsd tire cutside di-
saster (in.)

4, * via diametey, ia.

Yalues of X; s=d K,

757y somewhet f{or various types
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Avarege 7slues a9 tiadulatsd below:
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Highwey ¥iisage Tvead, standavrd §.00:3 i¢
“aplex e.00%1 18
2xera S=ell 0.0017 l ‘
0f¢. Road Gruder §.031¢ 2% !
XDCC Milicsry® 8.3013 @
LYV 2.0099 P4 4
Bsrtkesveyr s.0011 180
20ck Tread 8.0053 ‘?
bwpleox, Reck Troed $.5011 18
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184
{Foeta0v20 30 RexT: page}
e : - - ;:\'::_ ~
Lo K . w

- AR x e e

foar s At BACIer Raak wie Bon b malbts Be b3 Bcts & e o o e ews e on

s}, ;A S IS DA

DAL R s S




e

W'

$Z2esiag crilyt tadag ack flepe adé ed)proals v
astely 'S, P

S0€ng gestter o0f telnei Yerre~-Tize welighte 1
verces valives ceosputes t7 t2is eqvuiice iz rels.
tivsly great, ssggeeticy tast the forag of the
squatice {5 30% entire,y ervropriete P27 tReds F3
@extzetae types — vwihiek e mav svryprisisg. The
eceatasty gives provide ra.gn» gilizzcy, zomelldeless.

The degree of fit typicgl far thy sore-or-lass
staadard tire types is {llustrated ix Figure 10, which
comparcs sctusl versus coesuted veigats for grader tires ’
(mediux directionsl chevron *resd), sand ¢ti7es, 88d txe
nondirectionsl cross-country tread military tires,

esch covering & wide rsage of losds 2ad dimgnsiocas. ;

Yhile the suggested tire veight squaziom 13 un-

doubtedly izexact, tire buileieg is 1tself &= )

imexsct tcience. Some of the peints which sppesr

tc be Yad in the correlation disgrzms are, o=

i ez2smization of the besic data, cbviously cat of

i line with other tires for nowminaslly the same seT-

] vice, quite spart from this perticulsr rugressiom.

; Frequently they ere tirss for waich there i3 rele-
tively little call; usuelly they ere heavier thaxz

l calculated.
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Those few tires whick are substamtially
lightsr them computad sru geasrally ths popular
sizes z5d types im whick there is comsidazsdle
price cospetitics, The weight -- and houces cost

) = BE¥ings whick cam De made under iils pressur
g€re 1llustrated by recent governasnt sxperiercs.
[t wes repcvted {a 1963 that over zhree successive
purchases of the wids iy vsed }4.53x24 nilitary
tive to the {dastical specificatiza, wmait tire
wgights fell from 170 pounds te 1/2 pownds ve 133
peunds, a total of 76 percemt, appsreatiy dus
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- of Q7Y (3uwdd Ce., 1998].

primsrily to reductions ie uader-tread rudber.
Although the lighter vires proved difficult to
recap, all versions performed satisfectorily om the
vehlcles.

E0TR: V¥iile the approximete equetion edoOvy
feplicitly .avelves 1aflatios pressure (I, pait)
end tire construction ({s terms of ply-~-reating ~-
PR «« fOr ezsmsple), the speceific relatiesadip
Betveor these variadlees 1o a8lso of iaterest!
b
PR =
if

vhere ¢ = 2700, averages sbvost 3N,

1t 1s reported that ia currest esrtimover tire
prectice £ » 26, {sdicatiang that & tire oa tde
strong, 4t47f elde e desired or required,

Neglecting the constant K; ia the tire weight
equation, vhich is velstively samall for the size and type of
tires of interest, equation (1) say de reshuffled
tc show tire weight as & fractiom of totsl weight
carried and &3 a function eof nominal umit grewmd
pressare (NUGP ss defined earlisr):
¥,0.9

Wy d
T e 14 9 (3;9 “<TT (2)

From this, tve thi.ys sre resdily spparent. Pirpst,

‘the veight of a tire te carry s given load incresaes

proportionately as NUCP {s decreesed; sad second,
the relative weight of 8 tire te achieve a given
g'ound pressure iacresses as the seuare root of the
load to be carried by the tire. Weights of wheelse
and axles, of course, slse increase with tire
dimensions.

Finally, comsider the effects, upea tire
va:ight only (i.e., meglecting axle and pewer trsia
trends, vhich may run cowmter), of the suwder (a)
o7 tires used to carry & given total load (V).
$:butituting (W/a) for ¥, in equetion (2):

*The veight of stsaderd steesl vieeols on & paeumatic-
tired military vehiele fs generally less than 2 pereent
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a¥, 4, wo.

I:) NUG?  mbed (3
This Indicaces that the total veight of tires
(only) 20 carry a givea total lced at e gleen JUC?
decresses as.che numdber of tires used (for which
read axles) incresses. Thus the welght of tires
on a 4xd would Ve 40 percect greater tham that ca
an 8x8 of the same gross welght, sad haviag the
sane NUG?. Comversely, the 823 wight have & NUGP

40 percent less than the ¢xé4 for the sasme weight
of tires. -

Some dats on the weights of tracks [ATAC,
1963) and of slusinue road vheels for tracked vehicles
{Psulkner, 1362] sre plotted tn Figure 1l.
Figure 1la shows that for » wide range of tracked
vehicles, track weight alone runs fros 8-15 per
cent of gross vehicle weight. The higher figures
s1», nit unexpectedly, associated with low ground
pressure vehicles, ranging from the Yeasel {2 psi,

SOCO 1d. GV¥) to the MUSK-OX (3 psi, 100,000 1d.
GvY),

Figure 11b presents the dats ia sacther form.
The curve drawn fllustrates the relatiocaship

v
Zf e 0.04 (GVW)1/3

(W,/2, = track weight per foot of leagth) vhich
follows the trend of the dastas plotted, and is

generally of the form vhich would be expected from
gecmetric considerstions. Tracks om four, low
ground pressure articulated vehicles are iaclusted
ia thp plot, aad two, in aa important nolio. "deat
the rule.” However, oxperience has showa that
trsck and suspension sleseats foy properly designed
tvo-unit articulated vehiclcs need be sized
structurally sccording to the veight of a single

188
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s Totsl trer i weight vervus
grons vehicle weght

b. Weight per renping (oot

c. Yotal weight of road wheels
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Uit rather thas the CVY ¢f the cmmplete vehicle
{which i3 sa rivantege). ¥'.om this i3 talea iato
vonsiceration (as shown. by replotting the umit
trark weignts of the articularted vehicles st ore-
half their GVW), 1: {3 evident tiat the !ow grouad
pressure tracks sgaln tend to te hesvier than
norual width tracks, The cmly exceptiom i3 the
speciel Juty 35-imch dand track with forged
slusinus grousers, used om the Mark 1! Pelecast
{Bateriales {n Deetgn Engineering, May, 1961},

The sverall effect upom trackee vehicle waight
of increesed soft-soi] mobility requirements (ia
terms of ~UCP) 1 sugpested in Figure 11. This
figure fllustrates a tracked vehicle desigm
relatioaship derived empirically from consideratiom
of four conventions! tracked, low ground pressure,
floating cargo vehicles, the Yessel, the Otter.
the M116, and the XMS4IEL1. It shows & pesssbhle
ralstionship between payload-tu-curd veight ratic
(P/¥.), payload, and VIGP. While this is simply
8 vegression on historical data and, as s matter
of fact, aay or ssy not te truy, it demonstrates
the probable form of the relationship esong these
variables. 1If {t {3 iadeed sccurste, it shows
that specifying the “magic™ vslue of 'fl‘ o}
is particularly ridiculous for this class of
machine st low paylosds and low mominsl umit
ground pressures. Considersbly more, and sore
detailed, more accurat: relatioaships of this kind
need to be developed to aid ia understanding the
interrelationships betweens desired festures aud
to eacosrage reslistic expectatisas.

The messsge is nenetheless clear. Ome of the
iatrinsic costs of incressed aobility reqeiremsats
1s larger and heevier vehicles te carry s glvea
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lead. While thii hsg deen fllustrated nriasrily

in relsticn to 30ft-to3] wodil.®v, 2 {3 alls true
of other sspects. increesed sheed Im ro.gh terrails
tequires i1acresrad wreel travel st least {(-sually

8 digger machire in scwe tespect) and [acressed
TURRIRG Le8F Turge oess {wOre weight and/<r secre
cost for fancier Zesign, wetier saterials, e:C.).

The additions! eeight rer oe of mcre wobile
veMicle configurations costl hard cssd at purchsse
time -- 31.00 to $2.38 24+ pound {Jomes sad Let?,
19¢3; Cgord:ewicz, 1383,.54,8%[. Current ovigins)
squipment sanufscturer prices for productiom off-
highway tires range froes about $2.83% to §$:.30 per
pound. The lcwest prices sre for popular, .ad hence
competitive, trpes in the middle 3ize range. ‘o
special cataloged tires may COst 23 BuCa 83 $i.J3 rer
pcund. f{Federal tazes, 3 fuaction cof the amount of
rubbder ia the tire, rum adbout $0.1J rer pound of total
tire werght.) Military tracks bougat *‘a qusatits
range from $0.40 to 30.80 per pound for 1ink tvre
tracks to $2.00 to $2.50 per round for hand tyve
trs-ks as gensraily used o» lower ground vressure
vehicles. Ane. of ccurse. the direct jncreese :n
ruaning gear weights and costs is oaly the
beginning.

As sa exampls of the total impact, coveider
two othervise cceparadle tracked vehicles {with
suimming sbility), each t2 cerry a S-tom pevioad,
sae at 10 pst M«CCP, the other at } rsi. Making
the large assumption that the curves cf Figuve 12
are dasically vslid, the first vehic s would weighn
134,000 pounds, the second 24,000 pounds. As 3
first estimats, tha cost of the uiltra-iow ground
gresiure sichire would sccordingly de 70 percent
greetsr thas the higher pround pressure vehicle.
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The slternative cf zolng to alrcraft trre of Jreign,
waterials, processes, and guasiity ccatrul cannat

be seriously coensilered. Lyen sssuni-z that suzh
an aipronch wnuld sednuce the tare weizht cf the
5-to= payload ~ w ground Sressure vehicle to 5 tuns
(the "nagic” ratio of payload/curb weizht ratis of
ons), *the cost per pouad (st aircraft prices) would
rise by a factor of 10 or more, resultinz 1n s naot
increasze in vshicle fi-,t-cost by a factor of st
least 4. Even the relatively modest increase in
per pound cost of the XM561 1-1/4-2on ox6 (by ATAC
out of Gama Gozt) over figures for =uch hizh
production items as the standard 2-1/2-tsa 6x6
truck, i3 causing scme -<consternation {Yatsca, 1766)
despite its performance [2orris, 17H.], &and cheasper
slternatives such as ths XM705 nonswimaing 4z4 sre
alroady under study [!torrison, 1965].
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Reliabilitvy and Yasintenance

Competing most strenuously {n the design com-

prowiss arens with the dictates of off-road perform-

ance are the requirewents for relisbility and main
taiusdlility. The ccspetiticn is o3 three levels:
welg:t a:.d space, dollar cost, and lead time,
Relishility is, of course, & prime factor in aay
consiceration of vehicle effectiveness. A vehicle
which cannot move because of a mecLanical failure
is fully as immobili:zed as one which cannot go
because it is up tz its ignition switch in mul,
perhaps more so. For this resson, there has frca
time to tiae been a tendency to luamp reliability
and nmobility, and many development projects in the
past, justified on the hasis of their potential
con2ribution to "mobility,”™ were in fact conzerned
with reliability, particularly on odd years when
"mobility” has been the temporary key to the
cashbox,

There is no question but that the reliability
sand maintainsability of military equipment is a
problea of overvhelming izportance. Just prior to
the buildup in Vietnsm, one-third of the defense
budget was chargesble to maintenance (Teal, 1965].
In the relisbility-minded world of sircraft, nesrly
cne-half of sll peacetime sircraft losses (inm or
out of the services) involve equipment fsilures.
Losses of naval aircraft from 1953-1963 killed
trained cperating personnel numbering spproximately
10 percent of the output of the service schools
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1< tLe srxe FEr1Td.  ~.ud Talnlénance cosly <L tle

ajirzraft over t.» ssxe S-y=ar yericd were >ca tiazes
their oraginal acguisiticn cost {Jcutizho, (354},

Army vahizle raintenance costs are relstiveir
less then depsrtaeniwide cr airzrafe figures siih
as these, but thls probadiy refiects, in part st
least, the much lover relative pescetize utilizatien
which i3 made of the more sxpemsive vahicles such as
tanks, which wor}dwide -accusulate something of the
ordeyr of onlv 100 miles or 19 hours of cperatiocn
per zcath. They are nonstheless formidable.

Direc: parts replzcement costs alonre ‘cr ths well-
develcped M60 Battle T:nk, for exa=mple, are of tle
order of $3.75/=ile, of which, incidentally, over
$2.00/aile 13 for track replacement onlv, if the
M60 tanks were opsrated only the 50 jiours per aonth
for which Aray helicopters were reported 70 per cext
availasble three years ago [Congressicnal lecord,

6 Nov 1963], direct parts costs per ysur ~ould be
about 1. percent of first cost, and toral =zin-
tenance costs, including personnel, shipping, shop
costs, etc.,, wvould be perhaps 40 percean: of the
first cost per yevar. This 1s below quoted aircrait
and avionics lavels, but does approach their
remarkable ball park.

In 1962, new targets for the reliadbility znd
msintainability of (then) futurs Arsy wheeled
tactical and tracked vehicles were established
{MIL-STD-1228, 1962]. In essence these callied for
ths followving, which sre compared to contezporary
experience in efficlent, commercial, cn-road
flest operations [Flset Cumer, Oct 1203].
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Sarpterat o
‘ajnr over- #In-benre rey ®
haul interval  howr of orcratin

- B I

ilitary (1962 tarezt)

Yheeled 25,000 mij, AN L .
irached . s,onp =g, n,z2r

&

Unamercial (196Y expcrinnce) o
Long-haul bhuses
and truclks 150,000 mij. D.eD
fOverail comnercial maintenance costs for t'cece <cqmn

vehicles were S5-8¢ per mile.s

Differences in overhaul reriods arc in part e

to off-road cperation, part to the military cnvirenment,
M eferences in maintenance manhours appear un-calistic,
faintonance costs of pronerly ccsiencd off-road trucks
opcrating in Arabia were reported kv Kerr te e taice
those far comparable on-road cauipment snyd cperations
{1956]. Ovwurall operatine costs cf commercial huscs and
trucks {n Africa have been repocrted to more than Jdoutle
when operations werc on uninprovcd earth roads rather
than pood surfaced roads [illard and Ronpay, 196¢]. ® ®

A: the 1465 Amcrican Ordnance Association acrtineg
at Rock Island Arsenal, it was reported that sufficient
progress has been made on the durahility program that
nevw tarpets for cverhaul intervals wvere uader consider-
ation. : - ®

The arproach taken t> imnrove maintainuSility
has been on a hroad front. Frequency of preventive
maintensnce has heen reduccd, hoth hy better design
and by rethinking esrlier vrocedures. Self-
checking features have been desigred into new
conponents, system check-out analyzers have been
devaloped, and use of unit replaccment or nlug-in
wodule desizn has heen stepped up, Or the

196 | ®




orpantrzational side, maintenance manpcwer and

talent have been rcorzanited fcr preater effective-
ness, “readinces indices” have hecn developed which,
as onez function, scrve to check repularly on 2he zain-
tenzance effectiveness of individual cnerating urits,
and more efficient parts record keeping (TALPS) and
mairtenance management analyvsis procedures (TAMMS)
have been set up. Finally, a design training
progrum has been put in operation which ains at
starting maintenance improvement at the drawing
board [Rreskefiald, 109631,

The Army durability-reliability-maintenzace
program has been plagued by the same sort of basic
difficulties with quantification and lack of
testable specifications as have beset the search
for improved mobility. Moreover, the drive for
improvement has been concurrent with pressuves for
new, lighter, more complex and less expensive
machines and comrponents. In 1963, two Army
Regulations were issued to begin the quantificzcicn
process in which the probsbilistic nature of both
problems was clearly reccgnized. nélihbilitr vas
defined as the probability that materiel and equip-
ment will perform their inlended function for a
specified period under stated conditions [AR 705-25,
1963]); maintainability, as the probability that
required maintenance will be rccomplished within a
spe i{fled maintenance environment [AR 705-26, 1363]).
Both festures sre to be cpecified in terms of
minimum acceptable levels "quantitatively expressed
with respect to environment and mission conditions.”
In each case 8 test plen i3 called for, to be a
part of each new development, setting forth test
specifications, ground rules, and statistical
methods to be used in evslueting test cesules in
relation to the specifications.
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At the weight and space level, &nd the cost
level, the =umpstitlisa Sstween acbitity and
reliability and maintencnce requirements is, for
the most part evident, For improved mobility, sl
components should be light, often small., On tie
other hand, the easiest way tc improve their
reliability is generally to 'beef them up."
Alternatively, light weight and reliability may be
schieved to zome extent together if design,
materials, processes and quality control, and costs
ere raised to aircraft levels. In other r-ses.
sobility features pay indicate the desirat 'ity of
some incrvased comsplexity, such as suspension
clements -» ¢ characteristics may be adjusted
while under way {ATAC, 1965}, varisble track
geometry (Stewart, 1955), locking differentials
{(Ansdale, 1963], central tire inflation control
[Stephens, 1944; Ageikan, 1960}, etc. In every
case, there is conflict not only with reliability
and maintairatility, but with weight and space ss
well, and, as always, cost. It is interesting to
speculate on how mobile modern aircraft would have
been if the sircraft i{ndustry had refused to give
up the biplane, retract landing gear, or use ving
flaps, because these steps veve (each in its time)
complicated and costly.

On a slightly subtler but perhaps more ia-
portant level, the quest for relisbility has a pro-
found vffect upon the rate of progress towards grester
mobility. A comnlete operating vehicle is a systea
of components. In order to.achieve reliability in
the vehicle, each of its components must be
reliable. fn fact, each 2f {ts major components
nmust be significantly more relisble than the level

178
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of ratiabillty dusired of the whole, Off-road
silitary vehicles are not simply draftees from
conmerce, with a coat of o.d. paint, however zuch
the resemblonce may seem in some instances
[Bischoff, 1965]), and most of their cooponents are
necessarily special in many ways. The more
imnortant commonents -- engine, siecering trans-
mission, track, etc. -- cay be quite uniike any*hing
available in civilian commerce.

Accordingl, progress in vehicle development
nust be preceded by the devclooment of suitable,
relishle compone..ts, This relatioaship is strong.
lynde has puinted out xlat it is generally possible
to predict the main characteristics of vehicles four

.t0 six yesrs in the future from u look at current

corponent deveiopmenty (1959]. While U, 5. Away c.im-
porent work is largely carried cut without refer-~ce

to a specific detailed vehicle design, it t~2s t-
reflect the status quo in vehicle - “cholegy, znd
hence tends to izpose that morpho’agy vpon vehicles
ye¢t unborn,

In relation to maj.. in-.. ‘ements J: greuid
mobility, which will regi i.e Lu3our mur;calogacal
changes, such compcnent .:velopment can actuaily
be & drawback, 1t tends ¢y ¢s-c3 a cholice between
a vehicle changed only m-.estiy {n ths directions
needed, but made np of w''! aeveloped coaponents,
and snother of a proper, -adic:-lly <{fferent
form, but losded with nec.+sari.; new and uvatried
components., Not long cge thi. rilexma wes
theoretical only, However, in recent months tiaere
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has bsen a discerrible disenchantment with such nodest
inaovations as the XMU12E]l and ths Gama Gost

fnssir=2d XM561, in part becaure of potential and/or
actual unsolved relisbiliiy and saintainabiliity
probleas® which ere in turs traceable in somse

xeasure to thelr having leapfrogged the coaponents
program to some extent,

®Also in part becsnie of cost acd beleuse,
due to poor translation of tie sriginal sitractive
02411y ecncepts [Jamkxcursxi, 1763}), to weight
ineresases, «%2. [AXC TIR 11-1-2819, 1761], serformsace
does aot come up to expectaticas.
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Gamas Goag, Juiv

XM301, 1464

M37 v.ith Terra-Tires, 1966

PUHOGEESS

-
LA
€ -
' \ .
)
' '
; R .
3 ) o,
! PO - o’

M/@
S ,r b
(v?"-"n‘:an-:r&. ol

R

} Lo e
. . JUR A gt

ot me ww W




X

N

Ly
J wheels vs, Tracks

Despite the maay 1nrenious device. which have
¥ been rroposed through the years, including all the *
recent work on moon vechicles, desipn of a practical,
woerling, ground-crawling =achine early resolves

d itself into the sclection of wheels or tracks of
some sort for its running gear. The questicn of

wheels versus tracks is s pereanial exercise.

There is no general answer; each situation must be

zonsidered separately. Unfortunately ain the

¢ present military design system, the design choice is ®
frequently made dircctly 1n the vehicle specifi-

cations, prior to a proper detailed performance

i analysis,

There 135 general agreement that the prancipal
1 - reason for using tracks instead of wheels is to
obtain improved cross-country perlormance,

orimarily in operaticns in vieak, fine grained
soils, and secondarily for otstacle negotiation [cf. Adanms,
1958; Lucas, 1961; Freitag and Janosi, 1963; Uffelrsnn,
[ q ' 1963; Swamp Fox II, 1964; Little, 1964; Depkin, 1964].

i { It is also generally known that tracks are more
expensive to buy, to c~<rate, and to maintain than
tires, and that tracked vehicles are more trouble-
some on the road.

¥here 8 vehicle's off-road operations will be
larg=ly in sandy soils, ss in oil field work in
Arsbia and Libya, the job can bes done on low
pressure tires and, unless combat considerations
dictata othervise, is best cone on tires [Kerr, »

X 1950, 1955, 1956]. On the other hand, tracks
{ appesr necessary for flexible operation in snow
4 terrains [of. Xennedy, 1965] and desirable where
E slippery soiis and slopes conjoin [Swamp Fox II,
I !
. i J964], and cre universally used on the heavier ! »
3 i
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qun carriers such a3 21inks and self-prorejled
artillcey because they can schieve 8 z7cd level of
Crens-country perf{orzance \n 3 ceafiguraticn waich
is zore ccrmpact and less vulnersble to guafire
than a wheeled rachine of cguivalent rerfor=ance,
The ..ircpeans have developed & number of succesiful
ar=or=d cars in lighter weight clastes whtch have
teascrable 2ff-road mobility except in weak soils
[Ogorkiewicz, 1963). U, S. military e=phasis for
tuTparable coemwrt vehicles, on the other hand, has
been upon trscked vehicles such as the M113.
Cespits tne .urrent panic to cbtain sr=ored cars
for use in Vistnzm [ -2, Arwop, Jen-F2d 13266) --
cssentialiy fcr reoad patrol work -~ they are not
considered suitaole far zeaerzl cozbat use cver
thers {=of, Jattreal, 1566; Moore, 1766].

Over the years, attempts have been made to recon-
cile the off-vo34 advantages of tracked vehicles in
extrene cenditions with the on-road efiiciency and
reliadility of wheeled vehicl=ss through the coabination
of tre two on a single vehicle in scme convertible
faghinn ! +2, the Lefebvre irsctor described bty Legros,
1919]. {espite the fact that Christie is revered for
his 1ntroduction of large-wheeled track susnensions {of.
Cavlisle, 1%64; Ciecavelli, 1765], vhat hs was {na
fect trying to sell to the U. S. Army was a vehicle
vhose ixzportant festure was that it could cpersle
as & tracked vehicleo off-road and, with the tracks
quickly removed, as & wvheeled vehicle on-rnad.

Army interest was initially grest -- WYI tracks had
a lifs of only 9¢ miles or s -- but eventuslly
foundered upon mschanical difficulties of track
11fe and track installation tirw which Chrictie
never satisfactorily solved [CCX Item 7322, 1929]).
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Other attemnts at wheel/track hybrids, bhegin-
ning in the 1720's, utilized, on lighe vehicles,
Tetractable wheels shich stowed during off-road

oreration within the track envelope [cf. Heiel,
1926, 1227 ilacker, et al., 1935). The most recent
machine cn this pattern is the Swiss JMG-20, 3 <mai]
3-ilon scout »schine !Zarnier, 1965). Still anotwer
spproach to hybridization is represented by the
half-track vehicles of WWII [TM 9-2300, 1943].

Pethaps the principal, but not generslly
recognited, resson why tracks are zZenerslly con-
sidered bdetter for soft.ground operatioa is thst
they can better utilize the vehicle's planform
irea to develop effective ground contact. As noted
earlier, ordinary tracked vehicles convert 15-30
percent of their planfors area iato nominsl
ground contact sreay vhereas conventional off-road
vehicles on tires (the vehicles which everyone
thinks of when they spesk of "wheeled vehici:,,*
which fit automotive production facilities, and
on which cost snd relisbility experience 12 vased;
convert caly 8$-12 perceant of their »lanfors ares
zo effective ground contact ates.

Experience and studies have shown that this
two-to-one advantage teads to hold evem iz more
extreme iow ground pressure vehicle configuratioas.
A nusber of tracked machines (mostly articulated)
have demonstrated that S0 percent or more of the
pleuforas ares may, in practice, be wsde availadle
{or ground contact on tracked vehicles, whereas
the practical saxisum om wheelvd machines is
perhaps 25 percent. Thus, despite the fdct that
trafficability studies seem to indicate thist for
equal "z, p2-3s” performance in fine grained
soils, the NUCP of wheelesd vehicles msy be 0.S-1
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rei rore than that of 8 cconarsnle tracked vemizle
(seo A~rendix IlI), trasched veNicles maintain s
ccnsideradble potential edoe,

Moreover, excerience shows further that
wheeled and tracked ve~icles of the same basic
“UGP, in the range cf > to 3 psi where they cver-
lap in practice, will wveigh about the ssme f-r the
same job. The crude weizht snsiyses which have
Veen wade herein for {lliustrative purpeoses indizate
that, insofar as track-onlvy versus tire-only
weights ara concerned, the wveight trade-off lirne
nay te approximately as shewn i Figure 13. *“uile
such 3 curve, to be truly useful, should inclule
Rany more components, it supports the general
concept that to achieve low unit ground pressures,
heavier vehicles should be on tracks, and thsat
vehicles of extremely low ground pressure should
slso be on tracks. )

An exasple of a successful, heavy, lcw ground
preisure vehicle {s the KUSK-0X, which has s GV
of SO tons and a NUCP of only 3 psi (Nuttsll gnd
Thomson, 1960)., Tnis vehicle is ¢3 feet long,

10 feet wide, and 10 feet hizh, and carries 29-30
tons of payload on a deck less than $ feet sbove
the ground. Rough calculations i{ndicate that to
schieve spproximately the samoc soft.soil perfora-
ance, a vehicle on pneunstic tirss would have to be
60 feet long, 13 feat wice, aud parhaps 15 fsaet
high., Its carzo would ride perhaps 7 feet in the
sir.

Practical exerples of vheels-versus-tzacks in
the extremely low ground »ressure range are the
marsh buggies used for oil exploration wark in
Louisians. Tea to twenty years agc, lavroe whesled
sachines were used, of vhich the post sophisticated
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vas the Culf Marsh Burzy on 19-f20t pnouxstic

tires [Jacobson, 1324S; lut’. ‘! er ¢l., 1954}, COvar
the pest ten years the whei.ed veni-les have all
but disappesred in favor of ponton tracked

machines {[Reynolds, 1751; Cuslity Marsh Equiprment
Co., 1964)., Both styles are in a sense monstresities,
but the tracked vehicle has won out d=splte it:
wechanical drawbacks essentisily because i?
provides bectter perforsance in the problum terrain
within s more compsct er.d managesble dimenstonsl
envelope,

The norsal, rigid frame, tracked vekicle has
cunsiderably more verzicai cdbstacle capsbility
than the ordinary off-rosd vehicle on tires. This
is in part due to differences in configuratioe
which could be resolved to favor better obstacie
performance in the wheeled machine; in part to fne
kigher traction usually available on ths tracked
vehicle because of it3s normally lower NUGP and more
aggressive ground engaging eiements. However. the
discontinuity of ground cintact on 3 wheoled
vehicle is an unavoidable drawback in any event,
and the wheel diameter roquired on a conventional
vehicle to provide the step-haight capability of
any good tracked vehicle ordinarily would be
proaiditive in conventional layouts.

Both wheeled ani tracked vehicles are greatly
improved in their cbstacle-crossing end clisbing
capability by frame articulation whiclh alloxs
sotion between the units in the vertical lane,
as o3 the wheelel Gamas Gost or the cracked MUSK-0X.
The extremes of what may be sccosplished through
this type of articulstion ars {1lustrated by the
100-pound, 6x6, flexible frame, unwanzed lunar vehicle
corceived by Bekker for NASA [Bekker, 1983; Lee, 15046},
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The ride of tracked vehicles in rouyxh terrain
| -- and hence their cperating s-eads -- is generally
better than that of nermal off-,03d wneeled
vehicles, largely because of superior road whe'l

suspension snd the usuasl pravision of a larger
nusber of wheels in contact with the ground. This
sdvantage is not in.riasic. However, it froves to
be sszsier rechanically to provide s suspensina to

& larpge rumber of undriven vheels, ss i 8 tracked
veaicle, than to an equsi number of driveam vheels,
18 for example on sa 3x8. On th: other haad, track
nelse t2nds; (o degoade the ride of tracked vehizles;
and in their conventional stubby form, their limjted
wheelbase makss them proac to high saplitude
pitcring. As alresdy noted, the latter probles is
significantly reduced through vehicle articulacrion.

There iz & crend on off-road vehjzles on
latrge tires, such ss the GCER’s and the amphibious
4x8 LARCs [USNC, 1964], towsrd eliminstion of the
suspensicn altogather, which further enbances the
relatf‘ve tracked vehicle ride advaatsge. Despite
the cushioning effect of the tires, elimination of
a1l other suspension results iu s very poor rids
is rough terrair. Whes the rigid axle design is

coupled witk & very short wheslbase, ss om the
k Csnadian tiaber-working vehicles, the off-road
ride can be incredibly bad. Even op the road,
speeds ¢! largs-tired, unsuspended 4xd's are
limited to abuut 30 =ph by resonant dounciang oa
their tires,

NPETYPR YO NTETRa
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Conventions! tracked vehicles are skid steeryd,
whica imposes distinct lisitazions upoa tasir
overall proportioans and in soms casss a practical
lower 1imit to NUGP. A simple example of soms of
the detailed relaticnships wnich exist is shown ia
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Figures 14 (a, b, and ¢}. Ccnzider s conventicnal
tracked vehicle with 2 gross weight of 130,000
pounds. ULven if &8 maxivum width of 11 fzast can be
sccepted, the selecticn of dimensions for the
track is alrendy limitod to the sres shawn in
Sigure 1'a. Skid-steerwng considerstions dictate
that tha lcangth-to-tread o3tio {L/T) she:ld lie
between 1.2 and 1.3 {uf. Steeds, 1943, 19507,
Current military practice favers a value between
1.4 and 1.6, Bridge crossing linftations dictate
that the length of track on the ground should not
be :ess than 124 inches, and, out of consideration
for the pavement, on-rosd ncainsl vnit ground
pressure should be limited to 12.5 psi (A7, 1962]}.
It is clesr that che twe prinary ccnstderstircrs,
gross welght and maxirum width, through their
interrelations vith ~thers, specified and not,
have combined to limit sevarely the designer’'s
frecdoa of cholice in the shene of the vchicle, It
is also ¢lear that had it been specified that the
raxirus NUGCP shounid Le 5 psi, ivhis would have
fallen ocutgide the feasibliity 'vindow,”

Figure 14b shuws how the window vould Alminigh
f£f the maxizum width were reduced tv 13 feet. In
this case, minimm feasible MUTP weuld te B psi.
Figure 13c {llustsates the effects of reducing the
gross vehicle welght whiie holding the maxirum
width ©o 19 feet. Figure 15 surmarizes the
feasibility windows for ccaventionsl trocked
vehicles in torms of overall width required for
any G¥Y¥ to achfieve 2 psi or 12.5 p2i MICP vith L/T
ratios of 1.2 and 1.8,

Skid steoring i3 also occesionally used on
vheeled vahicles, 33 or the small Caasdlian 626
Ji;or (Bischoff, 1964: ATAC, 1964}, the unsuccese-
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tul British T.V. 1000 626 Rhino [Ogorkiewicz, .2
¢ 1962}, tre rtecently proposed small 8x8 TILCAR ’
{armor, Sen-C-t 1966), and some short-coupled, X

rubber-tirea constructicn tractors. For successful
opersticn, however, L/T llaits are even lcwer than
ta trscked venicles, }.25 being s practical upper

¢ ilmit {Adams, 1958}, The j-roblems with proportions, *
maximum utilizati 1 of the planfora *=- . for ground ’
contact, and ride «hich have been discussed in
relat:on to skid-steered tracked vehicles are
sccordingly compounded in s¥id-steered wheeled °

¢

machines,

The advantsges of vehicle articulstion as an

alternzte reans of steering, cn both tracked and

wheeled vehicles, vere treated earlier., There is
‘ a third alternative on tracked vehicles, akin to ®
the normal geowetric steering of wheeled vehicles, i
Steering (dowr to s radius of approximately two '
vehicle lengths) by track warping or "track
snaking" has been successfully applied to seversl small,
light, narrow-tracked vehicles [of. Little, 1964]}. Adoption ® ®
of this mode of steering does not free the design
from basic L/T linitations, however, and does not
appear applicable to larger, heavier vehicles.
its 2ain advantage is that it provides smoother,
’ more stable, high-speed on-road control. L

. ——— -

From the viewpoint of first cost, tracked
vehicles are essentially competitive with off-roaa
machines on tires, especially when either is
compared to helicorters at $50 per pound, »r fixed
wing aircraft at $20 per pound [Reiger ang Rubdbin,
1963}. Costs range from approximately 85¢ per
pound for the large commercial production
construction tractors, and approximstely §1 per
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- ' pound for the high vroduction M!13 (Tgorklevic:,
' 1964), ta srprexinstely $2.%9 per pound for tanis .
- snd lcw production, specisl] rurpose commercial @@
~ e wacbines [“gorkiewice, 1963, 1765). In comparisnn °

high serformance, off-road military trucks run

v $1-81.235 prer pcund in production [Jones and L2te, x

'903], s7d may range to over 32 per pound for
kighly sophisticated, low production machines such

P ’ as the sephibious Alvis Stalwart S-ton 6x8. Pro- L
duction costs for CCER vehicles were estimated in

é 1943 [Retiger and 2Rudin} to bte in the order of $2 ner
i pound. These overall “per pound” figures sre
! directly comparable in light of the fact, alresdy
¢ . discussed, that the weight of csch type of vehicle o

is essentially the ssme when the off-rosd perform-

ance is approximately the same (ses, for example,
YMEA, 196%5).

Such ccmposite cost figures, of course, mask

. o
| 3 many datailed differences. Important differences
may be found, for example, ia the weight, cceplexity,
snd hence cost, of the drive train. Needless tc ssy,
; any off-road vehicles on wheels must have all-wheel
drive. Thus there is considerable drive line ° PY
d ¢ ¥ H complexity invelved ia such sultiwheel configu-
Iy |
Ebg . rationz as the currentiy fashionsble $x8. In s
P conventional tracked vehicle, all wheels are
K driven (through the medium of the trsck) but the
3 power is supplied only to one sprocket on each *
e side. This makes for a basicslly simple power
train liyout. Moreover, the driven "whesl'” (the
) sprocket) is unsprung, which simplifies matters
1
¢ 3
4: /§ '
. o
o . 216
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{ even further. Enile srticulated trucked vehizliss )
P i {ehlch wust have all-sreek drivs) tavelvs drivi-g

X

. four sprockets, the basic complexity is stfl} caly
that of the drive of 8 grod 424 cehicle. As
agrinst this, i3 # coaventicnsl tracked vehicle,
special transmission srrengements wust by maus to ®
¢ provide for effectivre 2ad efficient stewring f27,
. Christensen, 1753], sad {a both coaventicasl ax4
' articulated vehicles, 2 transmission which caa te
. shifted vithout loss of headway is highly desirabdle,
' if not essential [Listen and Hansmoto, 1966], becsuse e
of ~he intrinsically high reclling res:istancs of
; tracked vehicles even ca hard ground.

The higher hard surface rolling restistazce

of tracked vehicles slso meass that, for the same
speed 33 & comparable waseled zszhine, wore power

¢ i is required, Speeds off-rosc. however, are
generally tractios or ride limited in both types,
snd the installed power per tor of gross weight
turnas out to Le sbout the same (15-25 HP/T) for
off-rosd trucks and for tracksd vehicies. Te
penslty accepted is thst the tracked vehicle will
have a lower top highway zpeed.

——— e -

Maxisus on-rosd speeds of tracked vehicles
; are limitea by practical comsiderations of wear, [
controlladility, sad road damage to ayproxisately
30-40 sph. (he 1mnd speed record for trackad
vohicles msy be held Dy C. W, Wilson, who ia 1344
tested the T70 76mm gun motor carriage (whrich,
detured, lszez became the N1l3) st 70 sph.* He »
P : reports it was & hairy experience. Neasdless to

- e ———— ey 4%

v w——

*Christie experizeatal tanks ars revorted
o have ruas &% Aigaer sveeds {Carlisle, 17643}, .
Yut 4t ssems prodadle tdat such rans vere nade .
e vith the tracks removed.
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88y, frox the viewnecint of ca-resd speed, sconomv,
and woar snd tesr ca the vehicle (and om the rosd),
the tracked vehicle i3 in no vay cowpetitive with
8 govd vehicle on tires.

Converting instellcd gross horzepowes aud
naxiaum speed to 33 equivelent thrust for s lerze
nusbes of vehicles cf vearious kinds gives an
everall a’feetive drag ratio (l‘/l) of 2.07-0.8
for staadard trascked vehicles as against 3.03-0.4
for all-wheel-drive trucks, and 0.05-0.13 for
armored cars [TM 9-2800, 1943, 1947, 1353,

Noville, 1956; Ordnance School, 1958; TH 9-5¢0, 1962
Clesre, 1963; Cgorkiewvicz, 1945). The sams figure (R,/M)
for current low ground pressure art.culated

vehicles appears to de sbout 0.11. It is not

known at this moment whether the incresent i{s an
intriansic cost of articulstion, snd/or of
exceedingly low ground pressures, oy werely rvepre-
sents lack of sophisticstion in detail design.

For coxparison, R, /¥ for current skirted GEX's

ranges fros 0.40 for smsll] machines to sdout 0.18

for those grossiag 150 tons or more [Fovering

Craft & Bydrofoil, Jun-Jul 1966},

The offective drag ratio (R, /¥) coavarts ail
losses bdetwveen the sdvertised horsepower of the
engine and the ultisaste top speed of the vehicis
on 8 level paveaent to s single index. Actunally,
sccessory loads on the engine (cooling fans,
gonerators, pumps, etc.) zbsorb sbout 15-29 per-
cent of gross horsepowsr of conventional emgines,
aad transmission snd drive line inefficienciss
reduce powsr aveiladble at the vheels or sprockets
by another 20-30 perceat {Cleare, 1963}.
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Power st the sprocaets or vheels must crsrcore ®
the moticn resistxncen of the venicle beycns this
poiat. These {nclude furt er mechanicsl lcsses
vithin t e track svitem or tire, snd external
nolion resistances. On 8 hard surface these
arise large!y from scrubbing losses in the coatsct *
area, grades, towed loads, and, st speeds shove
30-40 mph, sir resistance. Cff-road, the intarmal
sotion resistance of tracked vehicles i3 incressed
by the ingestion of soils, snow, mud, vegetstion,

? what have you, into the exposed working pores of .
( the track system; and both wheeled and tracked
! vehiclee encounter resistance from the flow and

nonelastic yislding of the supporting surfsces,

and frecm graces and smaller odstacles which sust ®

be surmounted or overridden.

Tests have shown that the towing resistance
of trucls on a hard level peverent is of the order
of 0,01-0.015,® while that of tsanks is 0.04-3.05
[APC, 1945}, of which 60-7C percent i% mechanical ® ()
losses within the track, sprocket, and guiding
system {[Cleare, 1963], Little quotes rack losses
at rosd loads on a level pavement zs being spproxi-
nately tvice those of wheel drive losses at 20 =m:h,
three times st 30 mph [1964], and as tripling under ]
maximus tractive loads {1961]. Foad load losses
ia a trscked vehicle are reducad by the zdopticn
of rear sprocket drivec, large road wheels, znd a
design allowing the use of s relatively slack
track [Clearw, 1963; Little, 1964}, ®

Spitting cross-country tires i{s place of
highway t'ves is reported to ineresase tke os-road
rollisk resistasce of & truck bty 5-15 perceat »
[Krestovaixov, 1958].
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The off-road speeds of current vehicles sre
generally ride® or traction lisited, rareciy powver
limjited., Also, in weak soils, the increment in
potion resistance 19 large 1a relation to road

|
|
|
|

losd resistances (larxe grades are more often
encountered, etc.}, so that the percentally large
advantagzes of wheeled vehicles over tracked

vehicles on hard levei roads are not reflected in
! significant off-road speed differences hetween

compsrable tracked and wheeled vehicles. (lesre

has estimatced that general cross-country oneration
of 2 tank involves thc ssme average power expenditure
as continsously climbing 8 10-percent grac., which

iIs the same 33 saying that the average {norement

2 of Ro/% is ahout 0.10. He slso quotes field test
results on tanks indicating that the increment for

a tracked vehicle operating tn level sand is of

the order of 0.10: in mué, 0.17; and, at the point

of bellying-out in wesk soil, 0.6% [19¢)).

It is in the srea of operating costs azd
operating prodblexs thst the tracked vehicle is
sost at s disadvantage, especially when it is used
- largely in relatively favorable canditions. The
Fé Hydro Electric Pover Commission of Ontario found

*Laisr, 13 198}, enuseicted as as odjective
of tank suspensicn design to sllov & tank to

negotiate 12-ipch siasusnidal roughness at 30 aphd,

‘ and a single 16-{nch high obstacle at 3% mphd.

i These objectives have yet to de achieved.
Cossideradle attention deing devoted to off-road
vehicle ride in rough terrain bas the general zoal
of increasing average aaxiaum practicsi speeda
from the order of 5-10 sph, or {n extreame cases
a8 little as 1 mph, to such speeds. It s inter-
esting to note that the "cross-country” racinmg

. speed of horses and riders ia the Crand Rational

i Steeplecdease is arprozimately 2\ mpl. {(Plat couwrse

- bhorss racing speeds are of the ocder of 38 mypd.)
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that kv switching from low production, commercial,
low ercund mressure trscked vehicles to an
adartaticn of the Canadian 4xd nulnwoud mechines

for rieht-of-way mainterance, cversll cnsts were
reduced by 20 perrent {Casmpbell, 1205]. Certainiy

fuel consumntion is gscmewvhit hieler hy wirtuz of

the geanerally grester wotion resistance, Clesre

{1963) guotes on-road fuel consuspticn for

gasoline pov~red, tracsed vehicles as 13 toa/mile

per gallon as contrasted to 60 ton/mile per gallon

for wheeled vehic'es. In average off-road conditions,
the cosparison would he mare of the order of 10 ton/xile
p~r gallon for tracked vehicles and perhaps 22 ton/mile
v r gallon for wheeled vehicles. Presurablv this
general order of relaticnship would hold for

compietely comparable tracked snd wheeled vehicles.

When tested against a difficult off-roesd tezrain,
the situation is a 1it*le diffarent. In s study of

ground effect machines for possible Army use,
Boozr-Allen (1963] cslculated the following overall
operating costs per one-way ton-mile in an assumed
traverse of a mixture of difficult hut not extreme
terrzin conditions:

Trsckad RN-110 61¢ per ton-mile

S$S-ton standard 6x6 95¢ per ton-wmile
S-ton GCER 4x?} 53¢ per ton-mile

Abele [1965] quotes Greenland tractor train operstion
as $1.50 per ton-mile. Ali of these compare favorably
with various air-assisted or airtorne craft for
rross-country work as follows [Bocoz-Allen, 1963):

Pure ground effcct machines $8.836 per ton-mile
Chinock helicopter

A. Y. Poe Gemini {4x4 with
optional air support)

$3.61 ver ton-mile

$2.69 per toa-mile

Optisum wheeled vehicle

with air cusnion assist $1.82 por ton-aile
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For scaec persncctive onlv, iong-taul et frefght <o
in 1963 were only $5.0> direct cost per svailable
ton-wile {two-way){FAR, 104},

3ts

The largest area of delicit for tracked vericles

is In dursbility and msintenarce., The life of a we
desizned military track 1s currently of the order o
3,000 ¢35 5,000 miles. and ii used on the highwavrs w

rosd psds, the latter must be replaced at 1,000- to

11-

f

tth
2,000-

cile intervals, Trsck renlacement costs slone on the U560
tun to $2 rer =aile; on the M113, 56¢ per mile. Ontario-

liydro experience with small #nd medium commercial,
ground pressure tracklayers in rieht-of-wav service
was that their maintensince costs werc $5-37 rer
hour c¢f overation and to*sled one-third of vehicle
cost per year. Overall vehicle maintenance

costs were reduced 75 percent by the change to
srticulated ¢x4 machines for the saae duty
[Campbell, 196°%),

The maintenance disadvantsge of tracked
vehicles is fundamental. The track is a highly
stressed chain opers2ing exvosed in a hostile
environment. Most cf the excess of power experded
in a tracked vehicle as comnared to 2 wheeled
vehicle goes to grinding away this chain and its
support system. Only partly aitigating Chis are
the facts that tracked vehicles are generally
expected to take rougher treatsent tnan wheeled
vehicles, and that they get it.

The question of wheels versus tracks is far
from clear cut. If it were not, constant study
of the cuestion would of course be at an end.
Although compariscas of current tracked and wheeled
vehicles confira that in the limiting off-road
conditions tracked vehicles perform better [Depkin,
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10€4), trere is far sore that can still “e dcne
with wheeled vehicles [cf. VMIA, 1905]. The
uitirarte maxjauw of gobility in a g:ven rackaze
will, !:-wevey, Ye chtsined fr-m g tracsea veuic,=.
Accouvdirglvy, [t cehouves 1t to 22,25 aiil rossible
mechani~al aeans to isnrcve the ecoromy and
resiability of track syrtemss. Vuch way yet he
possible, a: Little has rointed out (1764},

In the final analysis therc can be no zeners!
solution. The )ob requirsments, thz level of
performance required, converted to eroné& testadle
specifications, will dictate the choice. Xo
arbitrary weighting [cf. lLucas, 1%61] can 3o so.
The choice should te l2ft to the vehicie engineers.

And "t {s questionable whether when, 38 now,
we are Sighting a left-handed war, we have the
soral right to let co3t enter rmaterially into
considerations of how to equip cu " combat troops.
In an editorial of 26 June 1966, the few York Times
seconded Congressional asction which rejectsd cost/
erfectiveness a3 a considerstion {n traffic safety,
whare human lives sre at stake. At ocur present
Juncture, vith less thanm 0.2 percent of cur
population actively imperilec in a shooting war,
tbe same ethic should prevail. Once actual dellar
costs are removed from the wheeled-versus-trazcked
problem, it does in facs become resolved, for
sress like vietrnam, in favor of tricxed vehicles.
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¥hat Is 7 Teak?

Evsryone kaows what 3 tank i3,

A tamk t3 8 e3sk Xiller

{DeMont, 1365), s tark is a wespon (Scherrer, 1364}, a
vespon systex {Shiovitg, 1966, not & vehicle. Todar's
main battle tank i3 # collection of more than 122,000

parts [Snider, 1364}, costing nearly one-quarter
million dollars {[Cgorkliewicz, 1965], capsble of

sarineering.

- ——

sccurately discharging spproximately one-twy toas

of projectiles upon line-of-sight tarpgets up to s

' mile 2nd a Yal€ gway, within a period of about

eight minutes, It is sn importaat ites of export

trade for the United Kingdom [Ogorkiewicz, 1962, 19563),
France [(gorkiewicz, 1966), and the Usited Ststes [Bessca,
1965; Shiovitz, 1966]j. The effective design of o

tank is a major exercise ia systems snalysis and

The first taaks to see bsttle were the
British Mark I's, oo the Westsra Fromt at Sommes
ia 1916. Ome-half hour Vefore dawmn ca 15 September,
49 of the uafledgesd sad vigainly beasts degan
lumbering into pnsition to suppost an othervise
ordinary infantry attack precedsd by the uscal
rolling darrage. Thirty-twa reached thair assigned

positions o3 dswn broce snd the sttack begsa. Of

these, 18 actively took part ia the battle sad

passed tie trench lines to first succass, 9 broke down, axd
S ditchod [Villiame-Fl1lis an Willisss-Ellis, 1913]. These
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prinitive rachines lacked both relifability and,
ia many situations and respects, mobility. Tiase
two prodbleas still dog modera tanks.

In the creation of tae Mark I, the designers
wers for the firs: tims, aand parhaps for the lart
time es wall, givem c.sar, qumtitative, fumctieasl
specificstiocas, aad a dare misiwmm of cosstraiats,
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The machine wai 1ntended to provide mooile fire-
pover and Jdrmor protection sgainst the machine

guns which, behind barbed wire and trenches, had
produced the gory stalezate on the Westera Fromt.
The mobility required wvas deterwined by a study

of the job to be done. As s result of the study

it was specaified that the machine be able to clish 8
4-foot-6-inch parapet and 'to cross a 5-foot

{shortly raised to 10-foot) tremch. The first
Tesponse- to these requirements were concepts om
large wher 3 -- up to 60 feet in diameter.

Althougzh the ridiculousness of such wheels on ths
battlefield was soon gpparent, the final machine

on tracks conscjously preserved the wheal form
{Stern, 1919; ¥illjaxs-Ellis and Williams-Ellis, 19i9].

As noted in ths introduction, tank design had
by 1929 become far more frustrating, im large part
bscause the job to be doma by a tank could by then
»o longer be clesrly specified [OCM Item 7314,
1929})}. ia the 37 years since, tanks khive been
designed in sccordince with a wide variety of
aission and opersticasl comcepts, with large differesces
1> armament, achbility and level of srwor
protectica {ef. Carver, 196é). Today thsre are fewer
classes of tanks and thers {3 less differvace
batween the capabilities of the tanks of each
comntry {Lvnde, 195%), as is perhaps tc be
sxpscted, since 311 desigaars have faced the same
general problems {Icks, 1561] and selved thes
wvithia esseatialiy the same technolegical com-
straints. Howywver, the question of the optimm
design prierities or balaace detween coaflictiag
desires for firopower, aobdiiity, aad pretsctioms,
wicth colisbility ziveys givaa a high priority,
temaias.
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The jcd of a preseat day teak is veriously

descridbed, The ccnssssus Arpesrs to be that {ts .
’ rele is to provide s moolle source of direct fire o
support for use sgeinst battlofield targets within ~

¢ visuel ringe. THe most formidable such target is *
mmother tgak. liesce tank-versus-vank sctiom, today 4
st ranges up to more than 200 yards, Lecomes a
Bajor desigt consiceraticn [Cgorkiewict, 1963, 1964,
1965, DeMont, 1326%]. An Army Haterisl Command ®

{

spokesnan has been Guoted to the effect that ia the
design of the nev main battle tank for the 1970°'s
(MBT-70) now under joint U, 5. end Yest Cerman
develooment [Lesson, 1965; Vance, 196S], the object
was to obtain “the most tank that will defeat kaown
snewy tanks cn the future battisfield, at the least
cost”™ [¥gtson, ]1366]. Up t~ "he near preseat, tamk-
versus-tank combst appears .., have favored fittiag the
. conveutionsl, high pressurs tudbe gun (105am or
120mm om current maia dattle tanks), which can be ®
rapidly lasid om Cargets of cpportuaity sad caa
di‘ patch 8-13 rounds per minute (depeanding o»
cslider and loading schemss) with deadly accuracy
and high penetrating powcr [Parker, 1565; von Uslar-
: Gleichen, 1965] even agajust double skin designs ® @
_" which may frustrate lowsr speed missiles which
i ’ depend upon 3 shaped charge for penstration
. {Moors, 1966]).

Aapsdameny

Y amve s

There is no unanimity as to the work of a
) ’ tank, howsver, Another viewpoint proposes that ’
its role should be entirely offensive, to destroy
ememy infantry, smpply lines, and wespons t; fire-
power and shock effect {Scherrer, 1364]. Y¥Yhile

o1 conceding that & tank is the dest guptitaak
‘ N wespea, it is srgwed that suck wse i3 defensirve, ®
- aud hence is s secendary rele, and that the desigm
>
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‘ ~f t s tank should therefare not te compromised
‘ by tanik-versus-tenk csisidersiities. The (23130
saold rather stress speed, montlity, szility,

and ringe. 3y ixplicatica, thils viewpoint turns

"

the j<> of defea.1ag enew; tanks over & "lii
dastrovers,” which sre generally mociie and
tsctically sgile, heavils armed, lightly zrmore?d,
and without turrets. Although beth the U. 5. and
the Cerxan armies had grosgt success *1h taad
destroyers fa WYID [Cole, 196S: louis, 1965;

von Uslar-Gleichen, 196S|, the lsited States absnconed
the tank destroyer concept in 1345 [iouis, 1365},
At present the .hinking of the sest Cerman army
{von Uslar-Cleichen, 1965] and perhsns of the
French army a3 well [Ebert, 1764) sppeary to faver
developaent of modern ground-crawling tank
destrouyers; wvhile in this country, and perhzps ia
Grest Britain, asttention may be turning to missile-
armed helicopters for such a2 role [siolladay, 1565;
The Enginser, 15 Jun 1965].

— —y ——
ey

< s While thus far generally classed as s tark, [ ] o
because it sppesrs iateaded t3 face 1t cut with
other tanks rather than to hit and run, the low,
turretless Swedish "S™ tank [Ogorkiewicz, 1564,
1965; Barclsy, 1965; Skolfman, 1966; Icks, 1366}
P has many of the characteristics of s tank destroyer, ’
: and nay perhaps better be classed as a hybrid.
ithough this may cnly bte an exercise in semanticy,
it illustrstes that the lines of divisicn betwveen
tanks, tank destroyers, and gun carrisges are
< indistinct, and will become sti1l] nore vlurred »
if, in the future, further sacrifices i{a arwor
are used to improve mobility rather tham fire-
pewer,

- —
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In sny tank dosign, the weizht end s;ace
requirenents for firepower, mobility, and arwor
protection are odviously in confilct with esch
otrer, and with cost, sversll dimensionsl limits,
and reliability 23 well., &3 gn {llustrstion of
cne fscet of the prcdlew, Tadble VII nresents the
sllocation of weights to vsrious fuacticns fnor
three U, 5. tanks of the recent past,

The various primary elements cf a8 tank desig,

its gross woight, its gun, its level of
protection, its NUGP and speed, and {ts
envelope, are 3o closely interlocked in
venticnal form of tank that izmediately
snother is fixed, those remsirning teqin

arsor
dimensional
the con-
one oOr

to be

sericus'y coenstrained, Gutterfield has rut it
that sfter an early point the tank "desizns
ftsel€,” particularly as regsrds to its off-road
mobilaty potentisl {1966). Accordingly, radically
new levels of performance can only be achieved bty
radical changes in design balance znd/or in forms
and concept {lCeMont, 1965},

Firepower is reflected by the size of gun
mounted, its sccaracy, its rate of fire, and the
quentity of axmunition carried. The 120ma gun
used on the S8-ton British Chieftain we,zhs over
6000 pounds. Its two-part ammusnition, of which it
protzbly carries about &0 rounds, weighs 100
pounds per load cnd can be fired at the rate of
8 rounds per minute {Ogorkiewicz, 1382, 1963, 1964].
Thus, for this tank, the gun and aagunition alone
and unarmored, unmounted, weigh 5 tons.

Piring s high pressure tube gun of this

. - R it oA T e
. o

site develops trunnion reaction frroes of the
. . i
order of 75 tons {Ogorkiewic:, 134Z; DeMomt, 1965},
- which cannot reasonsbly be managed by » l.ghtweight f
131
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TASLE VII

SAMPLE NTITUT DPREAXTIWUNS FOQ TINXS

e s Y . o W et AW

{

APG,

1748; Noville, 195%)

. GV¥ (T)

‘ HP/T

NUGP (psi)
Gun (mm)

75

Maat | owze | wasn
19¢5 | 1265 | 1388

33.5 1 20.3 52.9
10.5] 10.8 15.6
13.5 | 0.5 11.3

75 90

! Hull
Turret

12.4 10.9  13.9 (znd strecture)

Power Plant §
Power Train

Suspensian
Tracks
Fuel § Tanks

4.7 1 14.7 2.t
12.2 1 16.9 14.3
8.9 9.5 9.0
2.4 2.8 2.4

Mobility » 40%

Guns, comp.
Aamo § Racks
Electrical

NG
!

5.8 s.1 5.2
5.0 5.2 5.0 | Firepower = 133
2.2 1.5 2.0

Personnel,
Stovaga. otc

7.5 7.8 6.0 | Misc. » 73

100.0 {100.0 | 100.0

zémllllrsasl!uulnum-»——
~ n
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vehicls in any cveat, All of which si=ply
illustrates that modern tank fircrcver {3 cnstly
in ter=s of weight (as vell as dollars).

That armor ;a» se als0 costs veight (and

: space) reeds still less domonstration, The werjz:t
: of arzor i3 & cirect faii'cn of the volume cf thse
5 tank's armored spaces, z1-, with armor distritited
in about the normsl fashica, is spproxiastely

45/t pounds per cudic fcot, where t o the basic
maximus stee]l armor thickness, in inches, of the
tank zs a whole [Noville, 192561, The use of
alunirum armor, 2~ on the M113 and the hull

of the new X551 theridan air-transportable
recornaissance cank [Siapson, 1365], saves

only sbout 6 perceat ia weight, for the same level
of protection 2gainst direct fire [Ogorkiewic:,
1962]. The volums armored in 3 given tank is the
sum of volumes required to enclose its main uad
any auxiliary wespon systeams -- aiming and control
mochanises, loading arrzngements, zwmunition, and
.e CTew to operate it a!l -- and its mobility
jyatem -- power plant, power trsian, fuel, and
driver(s). This is ons tmportant reason that
current tank engine cevelcprents stress high
output per unit of instalied volume and low fuel
consusption even more than high cutput per unit

of installed weight {Lux, 13964; Butterfisld, 1966;
Williass, 1566), Trsde-offs are possible at this
level zlsc, between space and fuel consummtiom,

as on the Swedish "S" tank. This machine has a
dusl power plent consisting of an efficient 240-HP
diesel for genersl use and a compact but
relstivealy tigh consumption 300-HP simple gas turdize
to supply peak powers [0Ogorkiewici, 1566; Kromogard, 1968},
which in the presumed "Sattlefield Jday” nsy only
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’ be required sbout cne-quarter of the tiwe [dayter snd )
1 Gilvrydas, 1964). Similar considersticns dictate g
P that the crevw be kept to a minimus, becaus. esach . ®
man requires 35-75 cudbic feet of livimg space,
depending on his functica [Noville, 13561}, | *

The value of 3rmor protection i3 gene.ally
concedsd to be ssall against well dicectsd 105sm
¢ snd 120mm guns as now carried om maia battle
taaks, which can penetrate 1S5 iaches of steel
armor at 500 yards if a hit strikes it squarely P,
{Icks, 19684], and against well placed hits by
modern miszsiles {Holladsy, 1968}, Well and
¢ properly shaped armored hulls and turrers, which
greatly reduce the probsbilit; of s 90-degree hit,
mitigate this significantly. The Russizas sppear
to do a particularly effective job in this regard
{Miller, 1965], at the expense, in their turrets,
of liniting possible gun elevation and devressiom
to values not considsved acceptable by westera
designers {Cgorkiewicz, 1961]. The curremt
grneral trend in armoring appears to be to ;
t Jetermine "how little™ is needed [Shiovitsz, 1564) }
to deal with fire from specific types of '
wespons [Parker, 1965] likely to be eancouatered i
} : iz large numbers, rather tham to sttempt complete f
; protection sgainst either tank guas or satitank Ei
missilos {a the field, or to accept an srditrsry
weizht limit,

P A VDV

—v— -

Since Hiroshima, armor has also beem com-
sidered for protection from radiation, hest, and
blast in an atomic battlefield {ilowze, 1961,
Vance, 1965]. However, protectiom from gamms
vadiation from s 20 kilotom blast at 125 yards
vequires 18 inches of steel armor (weighing
600 pounds per square foot of hull surfsace);
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Reutysn oretactinsa from the aame dlast, 33 inches
(1000 1d/sq ft) [Gray, 1564). Armor ca the KEQAIl
reduces cutside radistion levels bty 75 percent
{Parker, 17865] which, whils net slsquats protesiiza
frem 2 close blast, is apparently ccasidered
potentially uselul,

¥hers does sil thit leave mobility?! Soms
pubiished comments on design priorities over the
years and from country to coumtry are iriefly
summarized in Tadble vIiI. Accordizg to this
qualitative aad somevhat superficial summary,
mobility has generally rated second priority, most
ustuelly se-ond to armor protection prior to Wdll,
snd 20 firepowsr ia more recent years. In s
previous section, Table IV {llustrated thac th
soft-ground-crossing mobility of meditvm or main
battls tznks has remained of the sams ordsr since
1916; and Table V, that it slso sppears tc be of
the same order among 2il of today's coapetitive
sachinss. Some additiomal indices of performance
potentisl are listed ia Table VIII, along vata
main gun bore (as & measure of firepower), and
gross weicht and vehicle height® (as crude measures of
armor protection). Insofar as the tabulatea
figures refer to mobility, they illustrate occe
more that it has increased only smarginally since
WNIl. Gua sizes bave clearly grown, while gross
weights have ttayed reasonably stable, indicating
that firepovsr has indeed takes precedence uver
armor protection ia receamt years.

%Lov hefght cffers sore protectioa froe a dit
by another taak thaa does reduc:d lemgth or wided
bacsusze vertical reangiang errors are relatively

larger than borizostal layisg errors (Cgorkiswic:.
196s8].
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Accordingly, what i.as in fsct been megnt bty
holding mooility in second priority cver tle years
is that the basic level of mobility of tznks at
the close of WWI! has bccn generally sccepted as @
practicai minimum, with the resu’t tiatc design
readjustments to incresse firerower have teen
made at the exrense of srmor protectica rather
than mobility.

Of course, firepower, mobility, ard armor
are not truly separable. Firepower and arwor
require motility for their exploitaticn {Lynde,
1959). 1In recent articles on the use of armor in
Vietnam and on the upccming YMS551 Sheridan, the
priorities have been listed as mobility, fire
power, and shook affeot® [Battreall, 1966: ['eMont,
1965]. The ability to employ the firepower of a
vehicle-mounted weapons system in t:me and space,
“to concentrate, to envelop, to deny . . . which
constitutes mobility ' is as important as the
wejght of fire delivercd, even though not as
readily quantified [Rice and llatch, 19€6].

Nespite grim reports of regular vehicle
immobilizaticns ir Vietnam, properly desipned
armored vehicles <ould play a ledding role there
[Moore, 1966]. Much of the highlands is good tani
country during the dry parts of the year vhen our
present tanks can operste without bogging [Raymond,
1965]. At present, however, the MI13 is the back-
bone of aruoreq vehiclc operations, perforaing the

®The tera "shoek effect” appesrs to be the
product of firepover and mobility as suzgested
by Montgomery, wiho btas written: 7"The pover of asn
army is its weapon pove: muitiriied by its
modility” [1965]).

37

© - r——— - ———
L}
.

ey w
Ve
i
i
.

pd iR
7
J
k4
-
r

4&&&&(&: i

R . N
) = . “ . - . s
‘.‘5\‘_ (S ‘?\—u’rrhb . « * [N T . e e
. - Y - . -

et AnA L e Pt e o

A

.--—l-zunas!gsuazsuzgsy-gkzz;4* W S —a_ — ~— —8—



x

(=) ' (%

'Sl

1
1
v

s

job of providing mobile firepower which is &

taank’s, simply because "it cin move,” and because
in spita of its prcblems in gettiag owt of rivers
aud casmals, 1t can, after a fashicw, megotizte these
everpresent water cbstacles ([3attreall, 1966;

Meore, 1966)]. Vehicle-mounted dridging systems
designed to give tanks mobility ia these situazions
{Ivey, 1965] have thus far provea mere s probles
¢han z solutinm [Battreall, 156).

The 4551 Shevidan, now going iato prodectiom
[Defense Industry Bulletin, March 195¢], may prove
to be the main battle tank for Vietass. Detsils
on this vehicle hsve not yet beea relessed, but irv
is reported to have ground wobility far superier
to that of current tanks [Simpsom, 1965], to swim,
to weigh about 16 toas, to be diescl powered, with
sa aluminum armor hull, and to be armed vith the
turret-mounted Shilleghli wespons system [DeMont,
196S) waich is considered potesmt emough to replace
the 105mm gun om new MAOAl chaszis and to be
consideved for the main armameat of the MBT70
{Yatson, 19661. Its bceio soft-grr ~d wobdliiity
parassters sy be estimated from tim little published
éats. They sppear to compsre favorably vith those
of the successful Mi13A1, as shows ia Tadie IX,
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Saheridan M113A1 ™*?

i ¢, T, 16,9 1.0 16.5

: KUG?, pei 6.9 7.6 el
I Fa 13.1 17.9 18.1
129 (3] 59 b}

: VI, 27 12 13

; The tidie clso shows the results of 8 brief study
of the possibhilitie for 8 similarly armsd ass

! : arnored. 3% " ug, oW grounl pressurs, Srtfeuisted
; : vehicle (the U7}, waich ir'icste that camsider-

$ . iy more seft-grouns pouility is sti‘l availadble
1f needed. It has also desn sugjiested recontly
thzt hevercraft might de useful ss taaks, ia
Yietram and elsevhere, slthough the scope cf
prublems which would recuire solution is sab-
stantial [3esumomt, 1766].

it is evident that the proper belz~ca catwoen
{irepcwer, mobility, arwor preteciica, ead farnm
is 3 taak i3 3 matter fcr cersful systess ansirsia,
It 13 alsy svident, beth from common ssnse aad
from the publizhed colloquy, that the missiom, ead [
: particularly the googrsphical ares in whica the

mitsicn is to be sccorplished, must be zrecified,

; A systems saslysis cesls with tha fusdszmentally
fsnossible task of striking @ balance letwesn
factors which are totslly unlike. Tuis cam caly
be dome upom a limited, specificd basis [2ice and
Hatch, 1966), znd even thea cnly spprexisstely. i
The rssult of any such saslysis, when basic %

i et e e S i A — era
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terrain snd onersting conditiors sre ss differeat
' ap those of Furone and of Southesst Asis, must ‘
either be tvo ulstinctly different machines or a ®
sfirgle machine so Ladly comprosised ss to te nesrly [ )
useless in both environments.

Sterhens, in recounting W¥I[ problers in
injecting the successful DUKW 2-3/2-t-n ¢ib
smphibian into the nflitzry system, commented:

"Too frequently, evelopment of mew equipment i3

. hampered by erroneously coansidering that it
competes 2painst some other very different type of
equipaent” [1944], The Sheridan, or sn srmored
hovercraft, or any other aobile firspower platfors
suiteble for use in Sowtheast Asfa will not

l necessarily be & tank in ususl Eurcpesn battlefield
sense, end will not be competitive with our curreat
European strvle tanks, either in Europe or in Asis.
Noy wust it pass muster as universally useful
{vence, 1965]. After all, no ome can zny lonrger
claim that our curreat taaks are,

One computerized systems anslysis has already
been spplied to the tank prodlem, with what success
remains to be seen. Ia August 1963, agreeseat was - o '
rescked between the Federal Republic of Germany
i ond the United States te jointly design & single main
' dsttle tark for use in the 1972's, the MBI
. [Sesson, i963]. The project begam with a “rubder .
tzak” or parametric computer study by Lockheed to o | {
dstermine functional requirements for & tank to be used (s
Turvpe (Orukanee, May-June 196S; Shiovitz, 17¢6; ¥atjos, 1758},
J Design priorities are reporteéd to have beem fire
E - power, mobility, aad survivebility, in that order
. [Arey, Mgy 1965]}. By tae surmer of 1965, the
3 g conceptusl approach and techmical characteristics
g e _ had been agreed wpon, msjer compoments had been
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agreed L~on [Tesscn, 1988 Viance, 1245], 22d prise ®
' centractsrs selescted. ®

While {t i3 k+own that the misslon for which
the optizum ;2T w39 to be cdefined by the study was
tARK-versUs-tank Cowoat in the turoresn tastrs,
the valus svsiem used has not Leea disclcsed.,
Fresumadly it was scme sort of prebadility of
success, such 83 C;orkiewict has recently cutlized
{196¢8]. Probabality of success (T} is the joint
piobadility of availability, the chasnce that the
tank will be where snd when it is needed (?.), ths
probatility that it will surviwe (7.), and the
prebsbility that it will be able to kill the
' opposing tank (P,); i.e.,

—— -

— -

P. - P‘ x P. x ?l
Ia this formulstion, mobility is included with
sgility, reliability, and transportability ia the
availability tem.

: According to published rports, the M3T73

‘ . growing from the studies, ia addition to sounting ® o {

the Shilieghli weapons systea in s turret [¥atson,

1966], will be suitable for the nuclear battle-

field snd will be s floster, powersd by a variable

compression ratio suitifuel engine giving twice

the horsepower per ton of present tanks [Automot{ ¢ ¢

Inductrices, 1 Dec 1965; GQuian, 1366}, 1Its soft-

sol} mobility features have not becn mentiozed,

; but 1t seems probable that they will diffcr bus

i little from current tsaks. Its rcugh terrain

\ i performancs, however, should be at least as good » ¢
) as the current German Leopard, which is rported

to be "ramarkable™ [Meyer, 1966].
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But sl) wsy not tc roses. The Federsl PRevublic
of Caresny 214 t~e Unsted Siates will cach duii? their
owr rilots . cstensisiy 2 demonstrate iatercasmaesdility
{vstson, 19¢6). lowever, there 1s alrcesdy sneculuticm
that these will instead be two different maclizes,

representing twl - fferent, cospretitive {atsrpretations
of the s°:dy results, with the Cerman machine porhuss
i stressirg sobility 30re thaa the U. S, [Skiovite, 12667.¢
Which Jllustrates that cven careful svstess snalyses
de mot, ia such s cosplex prodles, produce wnequivecsl
results,

=y
u
PSR S

®2: the latv 1953%°'s, Cermsay, France, sad
Italy developed trinartite teil specifications {s
k e oimilar effort ot standardisstioa. The ressl.

vas ths Carmas lLevpard aad the Freme: ANX3IO, vhile
Italy decided te duy WG6O0's [leks, 1960: Ogorkievies,
1966; Sntovits, 1968].
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The “~sign of a gred toat for a2 glven service

i3 comnlex hut manageanle. CTesigs of & successful

*

~ff-rosd vehicle is still more ccaplex, and less
aansseahle,. When the two design areass are Cc x-

IUTR— W

¢ pounced in the creaticn of a swimming venicle,
‘ which must cope with the prohleas both of tcats )
| and of oif-road vehicles, pius scme rew ones 2t the

land-water intcrface, the situation heccmes
frustrating at best. As much as with a conventional
tank, the swimming vehicle, confined within s dusl
set of physical constraints, almost Cdesigns itself. )

.,.
won MEMA Lt

- ————— -

Amphibious v~hicles po back to the 'laphibolcs
Orkuter,” tuilt in Fhilsdelphis by Oliver Fvans in
1804 [Manley, 1954: IKD, 1955). The first serious
military interest in smphibians, however, was
evoked by several prototype tracked, screw-propelled, )
anphitiov:s "tanks  built by Christie during the
esrly 1920°'s, but these were found wanting st the
tise {IAD, 31955). U. S. Navy and Marine interest
was revived in 1935 by Donald Roedling's tracked,
track-propelled “Alligators,' conceived for rescue
work in the Flerida Everglades. This time the spark
did nct div. In the few years followving, the
successful LVT vehicles of WWI1 were developed
{IKD, 1955], and with thems the amphibious sssault
doctrine which retook the Pacific {n 1343-45S.

‘ ) Navy and Kariae Corps landing vehizle development
hss conatinusd, resulting in a series of increasirgily
large, 5-7 knot, tracked trasck-prcpelled velicles

w eley

e

Rt
ch e t— — ——— ————— i i T e = i

. «.:-GJ»

suitsble for besch sssaults [Alexander, 1987
USMC, 1944: Buships, 1964]. The latest in this
direct lirs of descent is the experimentsal tracked
LVI?PX12 25-maa carrier, vith twin wster jet
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pPropulsion, Jisvel e-~eine, and & bulhbous bow
{Armor, ‘vy-June L308].

A seccny line cf amphibian development was

tnitisted by the MNaticral Nefense Pescarch Cow-
mittee of NSAD §n 1941, with the corversion of the
standard }/4-ton 4.i4 jeep to 8 screw-propelled
saphibian {7°FD, 1346). This approsch quickly case
to fruition in the conversion of the WNI] 2-1/2-toa
6x6 to the spectacularly successfu] DUYY, which
first sew action in the landings in Slcaly in

July 1943 [Stephens, 1344 OSRD, 1948). The rUKNY
waa conceived essentially for unloading ships in

s continuocus flow from shipside, scross sand beaches,
to inland dumps with no delays and pile-ups at the
water’'s edge. Irplicit in this concept was the
ability to land throuzh high surf. In this rezard

in particular, the DUXW¥ exceeded all expectations,
setting a standard which is hard to bsat today.
Howsver, at the war's end, the consensus was that

the CUKY still left much to be desired. It was )
too slow in the water, inadequstsly mabile off-
road in mud and other weak scil conditions
exzoepting sand, csrried too smull s paylosd for
efficient ship unlosding, and wes itself trousle-
some to Joad and unload [Stephens, 1944; OSRD,

‘ 1946; Manley, 1954). Ia the tem years following

J WWII the Army attempted to coryect these de-

1 ficiencies in s series of wheeled amphibians

; patternad essentially sfter the DUKW -- the

{ Superduck 4-tsn 6x6, the plastic-hulled Cull 5-tonm
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616, the Drake 10-tca 8x8 [Joy, 1338; Rosch, 1760; )
Grigore, 1765]). ¥hile these machines dio carry larger ’
payloads at modestly higher watsr speuds, their scoility X

vas not impraved, as shown {n Table X, which sumsarizes

the mobility indices {developed in Appendix I11),

payload capacities, snd wvater speeds for a2 rumber of

wvheeled saphibjans anl flowters. ’

A different directioa, bassd upon the use of simpler
4x4 unsprung ground running gear, and hence implicitly
placing grester emphasis om water capabilities, was
begun in 1952 with the comstruction of the masamoth

60-ton paylcad BARC [USMC, 1964)]. This hss beea siznce '
followed by similarly conceived, saaller, aluxirum-

hulled 4x4 zachines, the S-ton payload LARC 5 aaxd the

15-ton LARC 15, which are now in service [Roach, 1760,

USMC, 1964), The LARC's have modestly improved warter »

spesds and, betweea them, sppreciably increased paylosds
over the DUKY levels. Loading and unloading are slso
speeded through adoption of an open-sided cargo dsck
which msy de¢ loaded and unloaded by means of forklifts
wvorking from the sides. However, as indicated in Table » ]
X, except in their sand performnce, their calculated
soft-s0il mobility is either wvorse (LARC 15) or ealy
ssrginally improved (LARC 5) over that of the DUIN,

To explore the cost/effectiveness of a truly
sigaificant gain ia water speeds, the Navy has tollowed ’
up studies in tiatsd by the Army {Xamm aad Finelli, 1357]
and constructed two types of aluainum-hulled, gas-curbine
powered, S-tos peylosd amphidizns, one dessimaed for
planing (LVWX's), the other for high-spesd operaticm om
hydrofoils (LVH’s) [Buships, 1964; Rovering Crefs end ’
Bydrefeil, Nov 1564, Feb 1565]. Both types sre 4x4's with Y
retractable wheels; neither offers say evident zaia ia soft

243
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soil wot{lity over the DUXY (see Tidle X),
Although complex snd costly, the hydrofoll L%HX2
sppears quite efficisnt from the viewpoint of fuel
consusption at speed in the water, producing 2.8
ton-miles cf cargo movement per gallon of {uel,

&8s cospared to 2.0 ton-miles per gallon for the
DUKW and 2.5 ton-miles per gsllon for the LAKC 5.

And finally, curront doctrine, growing out of
the 1960 MOVER study {1960], says that
all tscticsl Army vehicles should be inherently
cspable of negotisting inland water obstaclos.
This has been interpreted to mean that they should
float with little or no prior preparation (prefer-
ably upright) and be able controllsbly to swim st
speeds of st least 2-3 mph. These qualities are
heing built into the current new generation cf
tactical trucki. To distinguish them from their
speedier, more seaworthy, surfing cousins, just
reviaved, they are tsrmed "floaters” rather than
amphibians. Their mobility characteristics and

thelir marginal vater performances sre also briefed
in Tadle X.

So vhy the bluea? First, mome of the vehicles
-+ amphitians or floaters -- synopsized in Tadle X
has adequate mobility to get out of the water under
fts ovm steam once it i3 in, except over sand
beaches or under especially favorable zad unusual

bank conditions. Moreover, our tracked ampaibians xad
floaters are little {if any)} better in this rogard [ef.

Moore, 1966). Second, the laws of hvdrostati:cs
and of ! rdrodynamics do not allow aay cheap and
¢23y wys to ixprove watsr psrformance, tegardless
of the continued optimism of specificatiom aad
requiremssnts writers. And finally, the dictates
of design for zood water perforaznce are, at

many points, aftsr the general cussedness of

r1y)
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' things, at loggerhesds with those for good off- { .
road performance, particularly at the land-water 3
] interface, vhere mobility problems are regularly ‘ . ®

exacerbated by weak, wet 30ils and/or extrese, x
! though sosetimes short, grades,

The elerents of water rerformance are simple
and cannot be overlooked. The vehicle flosts,

¢ . upright, or it does not. VWater is a sisple ensugh
substance that a8 speed is a speed, with little
ambiguity once draft, channel, and current effects
are recognized. Controllability or lack of it is
readily spparent. And even surf performince can be
¢ specified and checked. One result of al. this is
that the cospromises which must faevitably be made
between water performance and the unavoidibly more
nebulous quality, off-road performance must favor the
former. And its corolliary is that, sore often than
not, soft zoil mobility of the amphibian is less than
that of comparable land-bound trucks, despite the fact
that it must be more if it is to be able freely to get
to> and from the water's edge. This problem can be
msde more tractable by formulating realistic specafi-
cations for water performance.
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Any smphibian or swimmer, as a body which
must float, sust be designed in sccordarce with !ﬂ
Archimedes®’ law, by which {ts gross weight and
its minimum dimensions are related. More detailed 40

‘ considerations of the desired sttitude in which
the body should float further limit the arbitrary
selection of dimensions, s5d tend to dictate form
| and weight distridbution and hemce cverall layout.

In the design of amphibians and floaters of

reasonradle size, the problem is complicated bdy
the fact that feasibdle overall dimensions are

. g e e,
'
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‘ i limited by land:zoiag sad/or transportadility
comsidersticas., Thus, while the planform loading

(W/A) of work boats ia the range of $-I0 tnas gross dis-
placemeat varies approximately ss 0.01 Y707 [“wttall 2ad
Hecker, 1245], that for ace-swimming of{-road trucks iz the
d same range varies approximately as 0.03 VTUT,e ®
and for tracked vehicles as 0.04 *T74. Ia practics,
whouled amphibians have siruck & compromise --

W/A » 0.02 VGV, Tracked amphibiaas, being less
free to increase their length, have temded to

retajn more compsct, land-going plan dimensiozs --
w/A « 0.035 VIOV,

-

1

Planform dimensionsl liaitstiocas, and partica-~
larly width limitations, meam that the inherent
roll stability cf the buoysat forw ts limited, 3o N
that the vertical ceater of gravity of the loaded
machins must de Xept relatively iow. The problems
is oftes aggravated, especislly om wheeled
! wehicles, by cut-outs in the hull at the sides for
q ruaning gear, wvhich, wvhen they pierce the

waterline, still further reduce inkereat form
stabilicy.

The second result of the high loadings of
svisming vehicles is that their uaderwatzr shipe

i3 showm in am earlier ssetion, ths s-tual verlatios
i for mon-svimaing trncks aad trecked sahicles i» givea more
asarly by V/A = g/GvW. The more sppreximate forms
are used here to facilitate simple irsat compsrisos
within this limitad weight raage. The chamge i3
the fors of the relatioashiy betveen W/A ead OV
e for smphidisas froa a sgquare root to a ewbte root 1is

simply & reflection of tie immutadle lswe of Xydro-
statics. Iacrsase {3 loadiag in tle vater as . )
would meam that the Jdraft of the machine e
incressed more rapidly thas ita plaafora dimeasicas,
resultiag {a & systematic claage i{a proportioas
with size vhich does 20t iz fact obtaim.

v g WO
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wust to basically poor in terus of drag, propulsios

. efficicrcy, and control., This situavtiom /s ageinm
compounded by the ususl presence as wagaisly
appendages to the hull scme or 1l of the land
ronaing gear. The furndasental hvdrodynamic probleas
involved were outlined by Auttall and Hecker ian 1345,
and by McEwen in 1947,

Ordinsry boats and swimmers which are susiained

in the water prizarily by buoyaat or Rydrostatic

forces at all operating speeds are termed “displace-

ment” craft. The resistance to forward motiom of

such vessels comes from surface wsve-making, skin

friction, and the dr.g of submerged anpendapes.

In asphibians, at 8 speed suck that at V//T = 1,

it {s estimated thst sprroximately 40 perceamt of

the resistance comes from wave-making, 30 percent

, from friction, and 30 perceat from appendages

» {Whitney, 1955]. The skin frictiom of a given hull

increases approximately as Vi-9235  and its appendage

drag as VI, VYave-making resistance also increases

about as VZ up to s speed such that V « 0.3 /L.

Above this critical speed, the wave-saking cosmroment

of resistance increases, with some anomalies, zpprox-

imately as V3 or evem V*. In merchamt skip work,

speed-length ratios of 1.1 or 1.2 are considered

the economical upper limit of speed [Rosssll and

‘ Chapman, 1939]. A 20-toa round-bottom pleastre boat

has a resistance/weight ratio (R/W) of the asrder of

' 0.C03S at a speed-length ratio of 0.8: 0.917 at 1.2:

and 0.080 at 1.8, & generel variation roughly of the

; form R/¥ = 0.009 (V//1)3-5.

*The ratio V//L is referred te as the "specd-leaxth”

P ratio. V i{s in kanots (1 Xa = 1.15 mpa) and L 15 the
% 1 veteriize lenxth of the vessel ia feet.
b 250
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The form of displacement swphibisa hulls has
bes1 so poor, sad so befouled by spnendages, that
the raptd incresass in wave-saking resistance st
highsr speeds {3 uot as spparent os {n boets,
Model tssts of the WWII DUKW shew the relstionshiy
R/¥ ¢ 0,053 (V//D)2.00; eng wail LT, B/W s 5. 53]
(V//D)2-7 [Nuteall gnd Hecker, (785). Tests ca s
-isple, square-edyged box of the ssme pensral sutemryed
proportions give R/M » 0,04 (V//T)3-% (Rtosm, 12¢8].
At ressonable operatiag speeds (sey V//L ¢ 1.1), the
specific resistance of the DUXVW i3 six tires, that
of the LYY more then 3.5 tises, and that of the bex
4 tiwes the specific resistance of & boat, In practice
the maximum speeds of displscevent amphibians have
not exceeded V//L = 1.5, snd operating sossds sre
moTe ususlly ian the ranye of 1-1.2.°**

Note that vhile resistances increase as VI.v%,
towrope power requi~ed increases as V'-v¥ and
installed power often still fsater, becsuse of
deteriorsting sfficiencies of prsctical sized propellers
under the excessive higher loadings forced upon
most amphiblans by limited di<snsional envelones
which {n turn limit possidble prupeller sizes,

And the problenm {¢ nade still more istrvactadls
by propeller efficiencies. Where there is space
within the design envelope for s proper size propeiler,

®Ix denling vwitd amphidianr sad floaters, {t
is usval, and sdequate, t2 wee the overall veatele
length for L rathe~ thus the vaterline leng:it ia
torstag the retio Vv//L,

$9Zven If higher pover wcre supplied, comssideradle
redesisn vould be nenessarsy to prevent their svampisg
in their ove bdov waves ot spesds much higher.
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. t wvith clean flow v2 ang from 1t, gcs o & tryed dagr,
the oversil i{agtallas gress saglas Pover-ta-trvrong
. Rorsepower effrciency (or propulsive coefficieat) @
: {2 snarally of the ordey of 0.4.0,6. Cn ®
‘ propellcr-driven :zpaibdlans, it 1s rarely zal? taf,,
oftea st1ll less. The situstion i3 mae fimlaneatally *
' changed vhen o Flgs-speed water Jot sviten {3
. substituted ‘> ¢he conventionsl proneller(s). 1§ N
| 88 ka3 oftan heen the czse ia the past, the torsl e
‘ jot ares s substantially smeller thaa the dise
. &7ea cf the propeller(s) it replaces, propulsive
officiency will actually be wvorse.
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Sizpler siternstives to the use of screv provellers,
suck 83 track or «heel propulslon, are uzuslly fsv
poorer [Witney, i355; Clears, 1763). The situsticm
15 {llustrated by erssiaing the offeetive oversll rosistaace ts
weigh ratio (i.IV) for & number of exinting swsaiblans.
This may reaiily te c3lculated fres pudlished izstsllad
horsepowver, maxisus speed, gress weight, snd overall leaptk
figores, With ualy ninor loss ia precisiem, the cslcalated
vsloes msy be orgazizad {ato & slmple pittern such that

R,/ e K (V/D)

Approximste values fur K for various types of
propulsiom and hull are shown in Table XI, The
figures of Table XI, takex with the previocusly
quoted figures oa tcwrope resi-tamce, indicate zpprozisste
values fer propulsive coefficlents for various gezarsl
modes of propulsion as follews:

propellers PC » 0.15-0,25

specinl water-

propalsion tracks PC ¢ 0,19
permsl tracks, tires M e 6.02-0.03
All of which i: not to say that watsr speeds

in excess of sdbout i0 mph are impossible. Seversl
Dossibilities do exzist for substaatially higher
speeds, st s price. If the machine is designed to plaae ia
the water, with wheeis retracted owt of the vater flew, the
propeller made retrectable (to be stowable out of
ksrm's way ¢or land oparsticas, but effectively
placed for water operztiom}, and a clesn planing
Rull fitted, cals water spesds in the raage of
V//L » 3-6 e3y ve obtained st specific drags (W/V)
of 0.18-0,20 {Xamm, 1566]. The effective drag
ratio (Ry/W) of the Navy S-toa éxé, 1500 HP, gas
turbine, planing smphiblaa is 0.3, indicating a
prepulsive coefficient of 0.35-0 0 [3uships, 1962].
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EPFRCTIVE CUPRILL 2PRIITANCE TO XOTICH

o
i% WATZR OF LIC7LAlZIidT MNGUIBIAXS
/A = K(V//T )2
—
Provuleien Full X
Projeller Kough! 0.3 ®
‘ Propeller Clean! 0.2
X ‘ Special Trecks? Clean 0.3
. Norasl Tracks? Clean 1.2
Yheels Clean 1.9 i
.
g !
>
¥ “ 1%Rough” @ Rulls exiensively eus up for
: vheels, sxles, &rive lines, stec., as o8 the
; I JUKV and its iamedlate suscessors, °
: “Clean” v sisflar to tae dzd LARC's with
t fever (ut-outs, fever vheels, close fitting
. vheel vells made jossidle ¥y eliminsilon eof
the snspession, ote.
i 2°gpeeial Tracka® e treeks designed speei-
. fieally for effective vater propulsion, ss ou °
. the LT7s.
"Sormal Trasks” = lasd traeks as ez the
M113, M116, ere.
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If the sdditiomal mechamical s2d comtrol

comp.lcations of kydrefolls, retractadle for laad o '
cpsvatica, are adied, 20 same speels msy be
g schioved with Joss drag at speed, and hLence less
5: pwer. The Navy's $-tom 4xd, 1100 H?, pas turtline,
} dydrefoll smphidien operstes at 2a effsctive drag
ratio of 0,30, implyiag s flyine dres of 2% crder ® !
of 7.13, snd & prepulsive coefficient of about 0.§
[3wsaips, 1954]). “Take-off™ drsg, however, will be 30-150
porcent higher [of. Kaws, 1364), dopending tpom the
refineseat of hull design sad vhether or not ths

) whoels are retracted. This high “huwp”™ drsg g !
‘ necssiitates use of a varisdble propellar ceafigu-

E ' . retion for effective operatiom under high thrust

§ st low spoeds (V//T » 1) during tske-off, and
efficiency under lover thrust loasds at higher ° )
‘ ; speeds while <lyimg. A msjor advantage of the
hydrofoil c¢oaf.guratiom is that it can maintaia
high speeds {n 2-%-foot ssas which would force
' : tke plamisg hull to back s5if comsiderably.

¥

T
- g e nrl, <

Beth spprosches are costly, in dollars, is
complication, 23d in weight. Both exparimental
types, despite the use nf lightweight powe= plants
and aluminum hulls, sad the fitting of caly
4 “ sargiaslly sobile lsad runming gear, have «

) payload/gross weight ratio of oaly 0.26. This

. | comperes with ratios of the order of 0.4 for

k- current, less exotic mschines such as the LARC's,
which in turn have already paid s $-10 percest dire:t
weight penalty fcr their ssphidbicus features.

A third availadble slternative is to design » ¢
displacszeat saphidbiams for use coupled ia trains
for lomg water hauls. Scale-model tests have
shown that simply coupling eight elemsnts reducss
the unit drag so that, i{f equal propulsive
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i ®
efficioncy i3 sssumed whethar runming singly or cocunled, the ‘
E cperating speed of the traim may bs sbout dowdble that of »
singi~ unit with the esme installed power in sach vehicle %
‘ ! [Xasam, 1366). ® ¢
¥hile the various figures guoted are X

historical, they 1% siso in gerersl accord with
the current theory and practice of naval srchi-
tectuze., They make it clear thst a specificaticn
for a water speed vhich is oculside the state-of-
the-art of amphibians must either be ignored, or
8llowed to govern the entire design. When, as
has sometimes been the case, the specificstion is
beyond good boat praztice, it is patently
ridiculcus,
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The bank esress problea is also governed by

i fundamentsl considerations. First, the stream bed or
canal ditch sand its banks oftem constitute s formidadble
{ : obstacls to even the best ground-crawling machines ® L
purely because of their geometry -- steep slopes,

high vertical steps, etc. The problem is confounded
by the fact that the soils on the steep banks are wet,
making them slippery at best. Where the bank slope

¢ : is inviting, the soils will often be very weak, o o €
waterlogged silss, etc. This basically difficult
situation becomes still more so vhen the vehicle is
asfloat, or partially afloat, so that {ts maximum possible
tractive thrust and the ability to bull tirougzh om

¢ momsatum are both greatly reduced. Accordingly, there ] C
‘ is far mors to creating & visble river-crossing "floater”

e

e V'm\)ﬂ'

than simply addieg tuoyancy to an ordinary vehicle of
slready l'imit~d off-resd mobility [ef. ¥Wismer, 196%}).
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It sppears prodbabls that » resnelysis of t4a °
] cost verzus the crus offectiveness of the current
crcp of flcaters in the light of recesat experience &
{ wvould show that gost of them sre not reslly justi{fisble
at thaip pravsent lavel of vater and ogress perlorewgnce,
Either scre must be spent (in all coins) cn their °
¢ vater and bank mobility or the requiremwent chanyged,
s Perhaps back to deep fording capability; {i.e.,, the
Ccurreat balance msy well prove to be the point of
: leass return,
{
« ! @ |
. i
) 1
f ! :
{
f
| l ‘
4
o {
‘ |
{
q }
] (|
e, 1
‘ 3
: $
)
3 !
. 287 ij » ]
!
ie 0
. 4
J K - . — . ——
{ by T L L T N : R T
{ B e T N T - ’ ) T
1 1 TR R s i .. e CoAY - ) we T Tl L ;j
‘ v T P R el <. LT . . : A - - N Rt .
: N - .‘"’:&:W—r ¢ W - tev, = h T ‘.‘a. -~ ~~ . vy [ q
‘ E v oY . e vaes 2 e oo . v ) - ~‘: = '\} - - ™ h_,;' -, n«:?
- - \*' Wq .. o oan .- L T -“"‘»;:»'f:-.: ’ ‘: . -‘:"f“-«*';
i g JEUTTIRE U U+ L SRR SR —— s TNy R JUn— -




‘- —a

' A Mobjlity "fet Rgd"? . .
’ The design snd construction of off-rved

vehicles hes been o grim, prosaic dusiners, largely
unleavened by the sportiag elementr of outright
perforeance comuyetition, divorzed from workaday X
problems of cost, relisdility aad & paying job 2o

be done, which has from times to time beasrfited

other 1pheres of trizsportstiom emginseriag. Such
exceptions as the long-standing British off-road
"triass” competition {ef. Noter, 22 Jaa 1366]), the
sanual Naples, Florida, "swvazp buggy”™ race (of.

Warnesr, 1966), gqrowing interest is

sand dune racing [cf. Sporte Ilinstrated, 10 Jsa 1966],
and cross-country racing in the USSR [wotsr, 20

Acg 1966], have not yet produced eny nevw knowledze

and rerve rsther to point up the case. )

FRSCUER

1t sppears pos3sidle that a useful exercise
st this juncture would be specifically to develop !
one or several different "mobility hot rods,” to !
synthesite the effects of such competition. The ;
proposed hot rods would be designed solely to
carry an intrepid driver, a first-aid xit, and a
¢ minimum of lightwsight, compact instrusentation
at the highest possible speeds scross g wide
variety of ¢ifficult cross-country terraia. If
cost/effectiveness and all other comstraints which
are now thought to limit tie free spplication of
curreat kaow-how could once be eliminated, and
MOBILITY only made the object, the resulting
machines would presumably represeat the pinmacle
of the state-of-the-art, against which the
mobility of all current asad proposed working
machines couid be measured. A serious, properly
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questions in a wsy that cennot te done ¢n a
blackbosrd or in 8 ccaputer {{norr and Morgenstem,
1963), in & way which can te resdily grasped by
everyone concerred with the problem, from top to

! ' 2
’ financed effort of this sort weuld aaswer many ' ‘
}
t .
f N2
1
]
bottos. |

¥hile it does not appear likely, the hot rod
' perforrance might just turn out to be disappoint- »
ingly little better than th~t of our current eood
sachines, This is s risk the vehicle-terrain
research community should take, even though it
could force them {nto new and more promising lines
! of personal endeaver. 1If, however, the current upper linir- »
could be demonstrated in wetal to be substantially
better than ths few percent improvement which is
regulariy prosulgated bty advocates of sore and
move reliance on sir transport, it could deveiop »
' . demand for the rebslance of lesign priorities C»
thought to be nesded to mske resl progress in !
cross -country mobility. It would also gonerate
requirements for more and better research, In :
either case, everyme would learn much., And it !
would be fun. !
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Specifying Pevfnryanca

In the oificial systesw, the develcomeat of 8
vehicle begins with the same sort of specificaticlas
of performance and other features which go into the
MR, The ccmplete specificatica desls with many
preblems and features, of which off-road mobility
is only one. Others are:

1) vrelisbility

3) effectiveness -- cnmbst losd or cargo,
armor and firepower or tuamige, speed,
snd vulnerabdbility

3) tramsnortability, which today mseans,
incressingly, air transportability

4) traasport efficiency, which is primarily
concerned with fuel ccnsumption and with
logistic support required

$) durability

6) maintsinabilicy

7) manpover requirements in terms of numbers,

training, and general intelligence level

Each of these characteristics is covered iu a
number of different wsys, Some, such ss relia-
bility, duradbility, and asintainability, have
proven to be almost as nebulous sad difffcult to
specify as mobility., There is s curreat healthy
trend towards specifying sll requiremsnts ia
functional terms, lssving means to the designer,
Some redundancy or “overspecificstioa” still
occurs, however, which often serves as aa "out™ for
the designer when the functicaal requirements cam-
not be met,

_ In relatior to mobil’ty or off-road parform-
ance, specifications are carresmtiy stated ia four
yeaersl vays, nsae of wvhich are truly quaatirative
iad hence ascceptadble:
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1) Perforcaance may be exv:essed ia terms cf
equivalsace to a known vsaicle, A specafl-
catiom may reed that “"the wnollity (cf s new
vehicle) . . , should Le uqual te tnat of the
MXYZ." Siace no defliziticn cf equivalisace i3
given, thls ia practice reguces to iasatity,
For example, a Qquestion wes raised at a 1964
bidders’ confersnce as to whstier a 3-vaeeled
vehicle would be scceptadle, Ths snsver vas
"No,” The rezsoa?! There wouid be no way of
knowing whether the robdility cf a J-wheeier
was {a fuct equivaleat to that of the
comparison vehicle naned 1n the specificatiom,
which had four wheels,

2) There is a plethora of hapoy qualitative
terms: "maxioum mobility,”™ "optimum mobil.ty,”
etc., 2!l undefinable in quantitative tsras,
They sre not <pecificstioas but rathar king-
size loopholes,

3) Requirements ars sometimes stated in terms
of simple indices which relats to mobility in
& general wav, such ss roainal unit grovad
pressure (({UGP) and horseprower per ton (HP/T),
While betisr than nothing, these are a long
wvay from testable performance specificetions.

4) The tpecification may spell out a num
of other arhitrarv design fesatures aad
characteristics sometimes dased upon an
overall problem anaiysis. These =may iaclude
angles of approach .nd departure, ground
cleatances, widths, swizmin: configurstion,
eic,, ia sdditiom to the indices in (3) adove,
Ax exawmple is the sxcellent study "logistical
Vehicle Off-Road Mcbility™ prepared by tae
Transportation Combat Develonmeats Ageacy,
Fort Eustis {[3rowm 1963‘. Figure 16 repro-
duces the tabulated resulis of this stuay.

The difficulty with this type of spacificarion
is that becsuse of the iatcrrelaticaships
betwesn nominally independest fastr-—es, it in
effect designs the vebhicle in sll cxcspt
detsi: without rogard for alternarivre
mechanics! possitilities for overcoming various
types of terrsin-wvehicle probleas.
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In adiition there are some “nfortunate sneci-
ficattcns which involve sanprles of all types of
the ahove. [t should be clear at this late point
In the discussion that the inclusion of unnecessary
constraints and conditions reduces, sometizes to
the vanishing point, the degrees of freedoa left
to the designer in reaching a solution (Tuttle,
1964]. Too many vehicle CMR's present the design
agency with what is effectively 3 completely
frover des:zn [Schlepper, 1964].

The basically nebulous specificatibn of
robility and off-road performance is 21l too fre-
quently in contrast to tlre detail given in other
areas, There is a natural tendency to adkere to
closely specified requirements (except -- by some
unstated convention -- weight) at the expanse of
those less well stated, repardless of a pious list
of priorities,

The nerd for quantitative off-road perforssnce
specifications has been recognized before now {of.
Liston, 1964; Shiovitz, 1964). Of course, to have
moaning, to be testable, not only must the perfora-
ance bé cslled out in measurable, engineering
terms, but the relevant terrain conditions must
al30 be specified, sgain in messurable engineering
terms. And most important, and difficult, the
specificutions cust present the min{mum performsncs
which will satisfactorily do the job where it must
be done.

Such realistic specifications can only coms
83 the rosult of careful snalysis of the misiion
and of the terrsin, including the developmsnt of
¢t viable operational doctrine which ocutliner the

vay in which the equipwment is to be used in specific
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Sifficult 2errain situaticns and the rerformance
lrittations vaich have heer ucoented in the desizn
frem the outset. Asking for rmore than is reason-
ably reguired can only lead to tacit azreement
that the specifications ray be ignored, and to a
rfeturn to thc prescnt unsatisiactory staic of
affasrs,

A fully useful, testable off-road performance
tpecification will censist of a matrix of several
(rerhaps rnany) noasurable perfnrmance versus
mecsurable terrain feature relationships. Thers
is already brcad agreement upon the list ot
terrain-vehicle interactions which govern off-rcad
mobility, and hence of the fe. ors which shouid
apnear in a proper specification matrix, The list
is deceptively sirple, and fully coincident with
the areas of terrain-vehicle research outlined in
an earlier section., Terrain features which » ‘ezt
vehicle performance are [cof. TECP 7C0-700, 1S0e; Grabau, 1965;
YMEA, 1765; Wismer, 196S; MERS, 1966, Liston snd =~
KHanamoto, 1966; Shamburger, 1966]):

1) the mechanical strength prOperties'of the
s%;fuce naterial system, lucluding layering
effects;

2) the surface ceonetry, including slope,
discrete geometric obstacles, and con%inuous
roughnoss,

3) vegetation spacirg and mechanicsl
inpedence; and

4) water barriers, including the land/water
interface geometry and comvosition, geometry
of the cross section and current velocities.

This syster of geometric terrain measurements utilized in tle
MERS 3tudies is {1lustrsted in Figure 17. It i3 recognized
that these several types cf terrain featurcs will often ect in
concert. lowever, snalysis indicates that the oritisal
combinations are generally only those iavolving weak

surface materisls (VVEA, 19681,
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The i=rovtsnt prisary vehicle response .3 1

ali cases s1~0iv {ts practicil cpercting speed,
which in severe conditicns, as in negotiating

rear liriting cbstacles, reduces to 2 or»d," or
the familiar "go" or "no-go™ critericn., Ina scoe
instances, particularly in the case of operation
over tough terrain and subcritical obstacles, the
"practical™ operiting speed requires definiticn in
terms of acceptable vekhicle response, such as ['CD,
amplitude, acceleraticn, and/or jerk limits at
various critical locations in the vehiclc,

Recent tests have demunstrated thay, as earlicr

suggested by Lones [1965), 1n many subcritical
terrain situations a vehicle's practical maximue
operating speed is more strongly influernced by the
driver's experience, physique, temperament, and
€lan; by details of control and cab arrangewent;
and by vehicle responsiveness to cont ol, than by
the fundamenval vehicle characteristics wiia which

terrain-vehicle research has deglt (Liston and Hana-

moto, 1356). while this {s surely an area for
further investigation, sclutions should not be
atterpted in the specifications, Rathsr, the

spe. fications should {nclude pecrformance trials
which involve only the vehiole components of the
problem -- cab and cuntrcls snd responsivensss.
The driver variable should be minimized in such
tests by using only experienced, capable drivers
after they have had ample opportunity tc becoms
familiar with and confident i{n the vehicle. Afler
all, the road test results on automcbiles,
regularly published in Notor, Popular Neohanics,
etc,, are not run by just anyone's grandaother.
They represent the test that an especislly
qualified driver can do with the vehicle, and thus

166"

- - ——— i &

P - [P PR roadln o endbid v X

WAL bats £. b, Bt et o b atia. Wb o A ki

. wd - «—..Cl‘nAl




i

a OBSTACLES

b. DITCHES

N

—

=

¢ WATER BSARRIERS

Fig. 17. A schexe for obstacle quaatification
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tecere a c<cful and rereagta’ie inrdevy of i3

intrin<:ic li=ityp rerfor=3-~cc,

A serewhat simrlifiecd rrelitarary saxsple
of f-read pertac=ance spec:fizatian ratrix is
PrC3TaIcd ia Tizere 18, feor illustrating only.
It Joes ne? reipresent any rcal problem or terrain,
and covers onlv off-road periormance character-
istics. In concecting this =ample, the opportunity
vas taken to indicate that the variation in required
characteoristics with terrain severity need neot follow
the same trends as Jo thosc of any one vehicle, with
the result that in order tu =cet the specificacions,

designed perfor-ances in scme arcas may he in excess
of those rcauired, as a result of steps nccessary to

safisfy requiremcents in others. The same information
could he prescnted in the form of curves and families
of curves., The concert of the matrix prescntation

is that, by and large, points of probable controlling
i=portance are ziven rather than the 2nmpnlete
spectrunm,
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Chaiiine Pecfarmynre

A prototvpe ts currently subiezt to a wide
varietv cf %ests by nurercvus orginizaticns. it i3
tested by jts bduiller, deronstrsted and briefly
cheched by the devel-ping agency, and formally
tested by AMC's Test and ivaluation Command (TECOM)
at Abevdeen Proving Grow.. ind st various of their
field ststicns, It may go on te he iocaned to
various interested user becards and field groups,
and 2 few copies may be put into the hands of
troops in the ficld.

Some receant contracis have called for fidbri-
cation of and limited testiug of "test rigs"” prior
to building prototypes for forsal testing. Yhile
on the fsce or it, this adds time and dollars to
the process, it in fact saves both, iy sllouwing the
contractor and development agency to crheck-out and ;
debug the design before submitting it to the rigors
of the complete test regime. The vehicles which
do go out fov TECOM testing thus may be "second
generation™ exemplars, with a Zreatly improved
chance of survival [Sissom, 1955; Horrison, i365].

Once the vehicle is releascd by ¢the develop-
ing agency, further testing is now primarily the
responsibility of TECOM, whose aim is to provide
sound, cbjective, timely, impartial, and independent
evaluations. The cvomplete TECOM test program nay
take over a year, and, for a typical cargds truck, :
will include engineering t¢sts at Aberdeen Proving i
Ground (APG), tests by the Armor Joard end Trans- |
porcation Corps, and tests in Arctic, tropic, and
desert environments {Sissom, 196S]. i

The tests at APG will be concerned with
performance, durability, reliability, maintainu-
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arility, trananecrtability, valneratilitr, savsty,
and ruren facteors, The astteapt 313 rade o determine
Aacherence to the original ©~?*'s, and recently has
fur.her been ccmplicated by tre need to chbtain

data for Jdetermining awards ard penilties under
contracts Maving incentive Jlauses for che achieve-
ment of speciiic 7bjectives. The opporrtunity is
alsv taken t develop data for uvise in future design
work [McNeil, 19557},

The fundarental weakness of the system from a
mobility viewpoint appears tc be that the designer
and the %test arency each rust m.uke their own
interpretation c¢f the QMR; the one to engineer the
design, fhe other to devise and conduct tests
(Sissom, 1965]. The built-in dangers of this are
all too apparent. Proper testable off-road perform-
3nce specifications would, of course, make the
basic procedure in relation to engineering tests
of mobility more rational, and also, incidentally,
make them rmore difficult to perforn.

The same problem arisecs in field tests of
various kinds. The testing group must interpret
the QMR in operational terms which may or may not
turn out to be the framevork within which the
vehicle was conceived. Computer technolugy has
dramatized the fact that an operating systea
consists of both hardvare and software. in the
off-road venicle context, the vehicle is the
hardware, and the software is the operational
concept by which the hardware is conceived to be
capable of handling the stated problems,

As a simpl: e.ample, analysis o. cne complete
problean, including overall cost/effectiveness, nay
dictate design of a mach.ne which can operate under
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ard, if the desion technnlcrcy were slenuate, tioe
cesultirg vehicle would 1nueer o0t re arle o
crerate i1n the statec conditions without these
aids. It would, accordirgly, Y= ratently
ridiculous to fault tle ven:cle f~r this lack of
rerfor=ance, and vet if this ~rerational ccncept
were rot forwarded with "he test vehicle, 33 Davt
of the arLotem to Le tested, tnc testing acency
c~uld well heco=e annroved tv the vehicle's anrarent

shortcomings,

Throughout current testirg programs, the
moo1lity of a vehizle wiil he tested by means of
drawbar pull-slip tests in a s=ail nurmber of simple
soils [TECP 700-700, 1964,, and its performance will
be qualitatively orservec 72n a rumher of availahie
“cross-country” courses. It mav he submitted to

MFS for trafficability testirg {cf. Rusl, 19AZ1l.
Comparisons may btc made of .he rcsults tn ohser-

vations on other similar velicles, and to whatever
level of mobility specificat:ons were initialiy

provided, but as of the moment, there will be few
meaningful numbers. VMany results w:ll he highly
subjective, varying from enthusiastic {(pre‘sct

officer, builder's public rclations officer) to
cool (blasé¢ test personnel who have never seen the
vehicle they could not stick, or break vp). The
aobility of & given vehicle usually differs in the

opinion of each observer according to his overall
vehicular experiences, his “asic objectivity, and the

environments in which he has s.... the vehicle operate.
**ore often tnan not his opinion is influenced hy
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the scoarent frequancy of fumohilizati{ony te
— has chse-ved, without regard for all clircumstances &
) or fer relative perfcrmsnce lovels 1n “go”
' conditions.

¢ i In 2n effort to lavy the groundwork for wore ®

realistic evaziuations of ejuipzent moullity, x

nusher of Bultivehicle field trizls in ratural

environments were conducted in 1561-1963. The

field cunditions were selected to represent broasd

P . cliratic/environmental areas: tha ticpics, the o
; desert, the arctic and subarctic ir both winter
‘ and summer, and temperite asress [Swano Fox I, 1163;

¥heel Track, 1963; Bog Busters, 1253%; Marrison azd

Bischoff, 1963; Swamp Fex II, 1964].

The tests were of two general types, exerpili-
| fied by Swawp Fox 1 and II, respectively. In the
! first, the test vehicles are operated in perfora-
ance of & sample mission. In Swamp Fox [ this was
to proceed over the general route of the as yet
uncozpleted secticn of the Pan Azerican Highway
from Chepo to E1 Real in the Republic of Panaxs.
In the secend type of tests (Swamp Fox II, for

{ instance -- also in Pznama), the vehicles are
operated snd/or tested over relatively short
courses in tie vicinity of a base caep. The

» courses are selected to represent various types

i : of conditions found in the general zrea.

! The concept of uxamiaing vehicle mobility in

P the total environment context is sound, provided ()
that the objects are sufficiently modest and

clearly stated. In psrticular, =uch can still be

leatned fiom mission-type exercises involving
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homogensous,® caupatidis® fleets of develoned
military vyehicles. Rcth the envircarsrt end t-a

rehicles 223 oreraticnal concoepts are tested vy

such an cperation. 7The tast areay shoovld, Novever,

be previcusly exzatned by wultidlscipllired
envircmmental tea=zs snd clarsifed, i{~3~fsr =3
feusidls, by a}l availchle peans, including trote
based upon mechanical messuremwents., Msmbers of
the seve teams should scccmpany the exsrcise o
observe and record results snd interecticns, St

should mot expect to ccllect exteusive envirome
mental Jata during it.

®A group of veshicles {(of varicus types) may
be s85d to be homooeneous vwhem eaca type tas
approxixetely the same general perforsance level {3
S pumdesr Of &ifferent terrain types of {aterest,
It 1s eviZent that If oue type of ve,icle asiuizzed
to .o operating uvalt lg sigaificantly 'ess modile
than the rest, the overstios must be gaared to its
lov perforzance levsl.

The various types of vebizl,s vithin a groap
Bay he seaid to be compotidle, ‘rom a mobllity et3ale
point, vhen they can be used over s givea pai2 {23
the terra.n types of iaterest ecaseatially {a ez7
order. This ia more easily uzdsrstood %y eoxsiler-
ing tvo machines which migat be facladed in a
homogeneous fleet, as defiged, dut which vould none
theless ECT de comnstidle. Two gueh, apnroxireately,
vould d¢ a good "CCIZRY agd a recent “leep." ¥nile
both might Just megotiate a given virgin stretch of
soft grousd (end would eazce constitute a Bazogenescus
fleet for this particuiar terrein), % a jeep would
usually de unadle to do 30 after tle GUER had =z:de
ita pass or paszses, leaviag lacre ruts and @ vastly
destzoyed terrsin. The GTER's performesace, 2 tie
other haad, vould de geperslly unuaffected dy prior
pessage(s) of the Jeep. A similaz situatioca cowld
devalop ia 1lightly vooded sreas, vhers the Jeep
Bight readily thread its way throvgh first, btut
night have extreme difficulty negotiating the stumps

and fallsn trees io the vaks of the larger macline
{Nuttall and Cohroa, 1964].
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e are still not to (“e -_iat w-ere zar=f.i,
divmsct, comparative evaluation of & larye nusber
of wilely diffesrent venicles -an te anvthirg but
instructive. This tvre of prozram 33 test con-
ducted 1n 2 bage-crsyr tyre of operatiza, It
protably need mot be dore in esrecially reante
areas. Adegquate sralogz situetions can e found or
created for most of the significint tsrrain
features of an environwent in re‘atively sccessible
locaticns, {f these features ave teern datermined
and adequstely descrtdbed and sessureu “v coapetent
environmental survey teams. Fsse-cawn multivenicle
evaluations which for some srecisl resason (such ss
cadre training) wmust de conducted in rewmote nratursl
environments should he thorougnly planned well in
advar ; on the basis of scund environzentsl data,
Th se must include both general coverage of the
broad ares of interest, 4and the very psrticular
informstion necessary for the selecticn of valid
test courses.

The probleas of evaluating the -obility of a
number of different vehicles by means of direct
ccmparative field testing sre more complex than
might st first appesr, The envircnmental vicw-
point doess not, by itself, gusrantee meaningful
results, Sensible vehicle test technigues,
knowledgeably applied, sre siso required. Obviously
these are not matters which can be left to take
care of themselves in the field. The entire
exercise, from planaing, through conduct, to its
wrap-up in mesaingful evaluations of and general-
izations on the vehicles and environments invclved,
requires a breadth of viewpoint and competence
whicz.. is just develcping.
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“4e ¢1rl, viosie 07 guy proloaged
Focce (e =ilitary resiies, [t Asppane
Sn ererv o,0tem. g hsrd Cruths of thy
Sitelesial!, imleiv. v sorrinted cn the
osnle 0/ le1sere o learm by ezperietsee
are 800 0309 diiwted by thetrr sseeeseore,
VAo Asow cheir suliest cnly (s theory.”

« Marehall, 10¢4.

The point hss been taken thet off-road
vehicles, and ground-cravliing nschines in general,
are an old bdbusiness even though study of thelr
off-road performsnce within a formsl enginesring
framevork is not. Progress made (a the past 25
years, both in the deve'cpment of the technolosy
snd in the production of practics) vehicles,
vhether sired with the biessing of formal rezh-
nolegy or not, must be judged in this context. It
i3 not properly gauged sgainst the mever, more
slasorous engineering fields but rather szsinst the
progress of the sutomdbile itself, progress in
structursl design, ship vork perhaps, and in other
sisilarly mature engineering areas. Moreover, as
in these other ssture areas, off-rosd vehicle
prograss has in part been the result of improved
genersl understanding of the probless per s¢, Lhe
svailability of better materials, and the overall
sdvance of all technology, ss vell as to the sarch
of its own particulaz technology.

- s e A EELL S S M s

So judged, the practical advances of the past
25 yesrs sppesr acceptadle if not exciting. Thore
have boen no "dreskthroughs,” either ia the
vesesrch or in nractice. As s mstter of fsct, one
of the major results of terrain-vehicle ressarch
has been the clear indication that there probably

i

376

.
A " % W
.y S —— —
4.‘ ".
' §



?
i
j

e B B B

B SUURR WS

S .

pE——— ]

vill noe te sny breskihrouiss, no paric soluticns,
hut rather caly ¢ontiauing wolest year-by-year
gains, This §s to be exrected in a wature field
3nd Joes not recestarily reflect u-on the gquelity
of the research. Dreakthroughs sav, rrooably will,
occur in the general field of of7-road traneport,
but they are unlikely to cowe from research which
is focused solely upon ground-cravling, ¥hen s
breaithrough dces come, 1t will come from work
ess>~tially inrelated to study of the intinate
telationships hetween the ground and a vehicle.
Advanced ground effect machines, or still more
reliable snd effective helicopters, for example,
may ultimately prove to be the best scolution to

the general off-rosd problem, tut such soluticns
¥ill lte outside the envelope of limitationz, resl
and srbitrary, imposed upon ground crswiers by
rhysicsl laws, by the state-of-the-art in
suprorting technologies, and by economic considers-
tions. Thus, the search for increszed ground
nobility in our military vehicles rust rely
essentially upon better exploitstion of available
techiology 314 on the demonstration (if it is true)
that the currently sccepted dalance of ccrflicting
requirements which 1imits that exploitat.on i3 not
optinum for tho new jobs which sust be done. This
is a systems analysis job. It is nalve to believe,
however, that svcn anslysis can isprove the
situation by anything like the order of msgniiude
that s true "breakthrough” might schisve [Hitch and
McKesn, 1965].

It §s also nalve to believe that cur curreat
vehicles do not already represent a high degree
of optimization. This has not deen schieved by

m
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forma] r~gns, but the vehicles we have cre t-e

result cf 2 kind of »arset;lace cptimjration, 3
conseas s of experienced and responsitle peonle 23
to the preoer covproaise between wvhat iy Jeslrable
and what i3 techntcelly s-d eccnmosically feasi e,
The tera " aiversal” vehicle has teen wilely used
to derojate earlier efforcs at reaching an cptisus
military rachine. The failure of standard miiitery
vehicles to nezotiste cne or another difficult
stretch of terriin iy frequently cited as the

result of sccepting a “universal™ ansver. C(learly '
any wachire, cptimized upon any bssis except the
schievencnt of absolute raxiwum mcbility, will
sooner cor later encounter similsr oeabarrassing
situaticrs. This 1s the nature oflcpti-izaticn.

The crux of the matter appesrs rather to te
that current vehicles sre optimized, perhaps aost
often unconsciousiy, but sometimes, as in the case of the
MBT?0, deliberately so {¥atson, 1266, Shiovit:,
1565), for the type of terrain snd type of crera-
tions ~-ich are currently anticipzated Lf war ccmes
to Europe. It may be said thst the current
vehicles .re optimited to a high degree for ‘
European -rerations ss foreseen by cur military {
establishrent.

" o Pot——— - p——

Our present concarn arises from the fact thst '
ve now reccgnize the need for machlnes to crerste
in areas of the world which are quits unlike
Europe, climatically, ecologicslly, culturslly,
etc.; areas where our "Furopean family™ of vehicles
is obviously far from cptisum, oftenm totaily
useless. These are not isolated spots or 3msll
areas raquiring “special purpose” vehicles, but
extensive segments of the globe where the difficu'ty
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13 3-212at, 3nd where our test standard vehicles,
ever vren fonctioniang, Jo 39 tco close to the
razzed edce, too wuch of the time.

The true provles which confronts us is not t»
Gevellp a2 scittering of weirl “specias) parnose”
vehicles and tovs, but rather 3 wvicle ~evw famaly
~f wnrking vehic'es desiened snd optimited for
these sisnificantly different and more difficult
cenditions, snd to do so far sore rantdly thsn was
done i+ the past by trial snd error {~r our present

furcyean family, This too 1s properly a systems snslysis
jodb.

The total systems spprosch must of course
Include such things as strategy, logist.cs {ef. Tay,
1964; Vassar, 1964; KXulp, 1965), doltlar costs
tof. Heyaont, 1965], doctrine, and total cperational concedt
{of. Howze, 1961}. It must include alternstives to 2ff-road
vehicles [Fhilippe, 1964; VNEA, 1765), including
afrcrafe {ef. vumes, 1965), and varicus levels of
engincer or air support of vehicles having lesser
degrees of off-rosd mobility thar may from time %o
time be needed [of. Kerkering, 1964, 1965]).

Assuming that a study involving all of these
elements still dictates si mificent rolas in these
geographic areas for off-rcad vehicles, then these
roles rust be specified quantitatively both in
terms of the job to be done and the terrsin

in which that wvork must be accomplished. 1t must
slso either assume or develop a generalized value
system {n which dollar coste can only be cne
factor, To be realistic, both the mission profiles
and the value systems will still have to be spe’led
out in relatively broad terms because, slthcugh
theoretically possible, it is in fact inconceivedla
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for the rilitary to have 8 sepsrste venicle
tatlores to every ~cv si%uatien,

The systees anslysis must be supported by
valld terratn-vehicle relationships prné wndels
and by adeausce, pertirent terrain dats translated
or at least translatahle, §nto the specific
engineering valies needed in the terrair-vehiv.y
1esatronsnip wocels, Heens for scquiring ind
presenting such dats have been Jemonstrsted in the

MER5 program and there is slready s groving body of useful
data [c¢f. Puls et al., 1963; Mills ana Clagg, 1764,

Kennedy and Rush, 1965; Leighty, 1965; MERS, 19066;
Rojanssoonathon, 1966; Sloss and Lassaline, 1966; Cassett et al.,
1966) on specific prolem aress, toch geographic and

technical. Means for generalizing this type of

data sre slso under study {Hrldridge et al., 1766]).

Systens snalysis must also have availadle
the zeneralized state-of-the-art in vehicles and
components and include full consideration of
other militarily icportant factors -- such as
duradility, reliability, and maiz=tsinsbility --
which have rivaled rmobility ss elusive concepts
to quantify.

Of a1l of these, perhaps the quescion of the
vitirate trade-off value system is the most per-
plexing., Indeed, this is the "hardest part” of
oparations snalysis, which as s science has aide
great strides in analyzing navsl and air warfsre,
but is still “far from having a good grasp of
ground operstions” [Hazelwocd, 1966). In
commercial operations, dollar cost is paramount

"and the elements of cost to be comsidered caa ba

easily specifind. In military operations, oa the
othet hand, the value of s fev miles-per-hour gain
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in s~eed, 3 fow miles shorter routs, or 8 fev per -

cent 1-33 l:kelitcod of bozgiag <aanot sctuslly te
reduced to Jdoliars and Jents, slthcugn {ndirectly
this 19 in effesct Sone reguiarly,

Many of te elesenss of 3 stems s2slysis as
spptied to off-rosd vehicle operation have been
tackled [e¢f. Peterson, 1957, 1938; Bekkier, 13358,
Davis, 1353], and 1ts feasibility as 8 prelizinary
to off-rosd vehicle desitn has recently been

demonstrated in severa]l published studies lof. Muss, 19%4;
Bekker anu Zuttervorth, 1364, 1%6%; Lhrlich et ol., 1764

Fielding, 1764; Sutton et al., 1944; YHet:am, 1964},
There i3 no questiom but that, vith the proper
degree of realism and sccuracy both ia the modeis
and the input environmsentsl data, the develonsent
of souad vehicle design targets can be Jone ripldlr
by this route. It bears scressing, however, that
the snsver will ze little better than the concept
and renlism of the complex missicn profiles used,
the asccurscy of lerrsin-vehicle relatioesaips uved,
snd the alequscy of the e¢avironsentsl data used.
Note that these repre:;ant tArse distiact types of
ressarch esults -- operstions resesrch, terrsais-
vehicle research, and environmeatal research.

Granted then thst the systems 31alvsis a3 8
part of ground vehicle desiwn ts feasible, desiradble,
sad needsd gt this momgat, Pow should it be
implemented? ¥Nhere cdoes 32 fit im the oversll
design procedi re? Who should do what?

The broad systems anslysis vhich considers
all slternatives, inciudiag groumd-cravling
machinss as only one, which inclades strategy snd
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doctrine cr=33:~rstt-ns, and which forsulcetes the
overall =issaicn profiles, is clearly am operations !
 x snalvsis f{_ncti-n., Tarawetr:c engineering J(esiga
studies and detailed enginerring desizn are as
clearly the ros=cnsibilizy of vehicle engineers.
Thore is a grav srea betwveen., 7This is the
essential link Letween the two, the cstasloging of
the sbsolute siniszum of mechanics' coustrsints o,
and the reduction ta quantitative engiaeering
ter=as of the perfcraance-terrain satrix requires
of, the ner 1 1. of it f3 satiifzitacily tao
match the mission requirements. This is a
formidable assignment., It zppears, howsver, 1o
be more neariy tne {nction of am cperations
analysis group, perhaps an “interpretive™ opera-
tions analysis group, than a part of engizesring '
¢ design.

The vehicle performance-terrain mstrizx in
enpineering teras becomes a testable specificatiia
which the wehicle engineer can use ss the frame-
work for parametric eagineering studies and :cbse-
quent detailed design. WYhen the vedicle is
offered in meta], it becowss the basts for judging
the success with whirh the vehicle enginsering has
been schieved, zad sutomaticslly designs the first
¢ round of tests 20 waich test beds amd prototypes
are subject, Tae adequacy of ths testadle terraia-
perforzance mstrix itself should subsequeatly be
daterained by fiwld testing within the s~ope of .
the operational Joetrine developed by the {snitial .

—— . o

o
- —

operstional axaiyeis. }
Soms such clear divisiom of lsber wowld ! !
4 accomplisd s nusber of sslutary taiags. First, ! :
: it would place responsibility for correctnass of |
3. L}
; a i
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the analvrzis of t'e creraticusl situstiom with sa
CPETBTILTNY sRiysis proup who, tn tum, would be
forced to leward 39:14 operations resesrcs mcdsils
a1d methods, 2ad alequate, valid, environmeatsl
deta. it would pisce responsibility for the sctual
pechanicsl U=3ijn of a3 cptisum mackine to meet
perfermance specified ia engineericg terws wholly
vith an engineering group who, §a tera, vould be
forced to Cemand valid, sccurste, terraip-vehicle
technolsgy. And 1ncicdeatally, it woald get the
engiucers back on the draving board where they
belong, ev:a thouga pleying at geosrachers,
ecologists, cr hylrologists is evideatly more fun.

113

O g s

TS S e, TRt + G e W YR

- pr——— e -

e A et e

DD DAL Bttt e bl s e e e




(>

i A

At

Y

el 4 »u A

- ——— P

A ) -y~ [l .- hv(ﬂ'\\*'w'-‘v’v
QPN IYTICN 3 T 7 AN
—— P

The current ttale-g ~*-e-art cf lesiga of
mlitary vehicles 1¢ forlamemeally weskest in
the reanderine crsnizaticrsl soute ks
which 8 Jield Tr.siremont eventually becumes o
vebizle (vo’y for prodacticon. This committee-
Tidd~n process is craracterized by & comingling
of resesrin x~d cesign, Jack of job divisiom aloag
sound professiorsl and functicnal liues, sad partly
as 8 rvesulr, l2ck of testsbie rerforeance speci-
fications, snd rence cof clear lioes of responsie

bility for varicus aspects of the success of the
final product.

This situaticn ex.s:3 whether or not the
probles is to develop 8 new “second family™ of
vehicles, ke next peneraticn of the curreat
Eurrpean family, cr 3 single special machine. In
every case, strenzthening this procedure is
essential to tizely prosress, including the
accelersated generztion of vslid, resporsible
terrain-vehicle research results.

o -

In relation to ground-crawling vehicles, th H

objects of any alteraticn to present cesign and
development procedures must be to recuce the time
required 2o respond te a valid field regquirement,
and to insure that the hsrcware develcped does
izdeed weet it, Csseutial elemsnts in s working
systsm, lacking in the present process, are:

1) ciear separstion of research sad Jevclcp-
meat 2ctivities from the "requiremeats® desipa
line; i.e., a developmenc sluould not be znder-
taken ia this line unless ths complels requizes
ment, once preperly stated in cumatitative
eagicesring terms, ls within curreat sad
realistically projected technologrv:
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2) divisicn of work cf the requirsments lize
along scund professional 2ad fionctionael lines
with definable interfaces; f.e., cperatice=al
snalysts shouid not Jesign vehicles, cesizy
eagineers should not have to tecowe
geographers, etc.; and

3) assignaent of definsble responsidility
to each functional group sad mesns to messure
its performance.

One sisple and somewhat cbvious organizaticasl
schesa which might reet ths basic rsquirements i3
diagrimed in elemental form {a Figure 13. Only the
most izportant feedbasck and communicstions looos
are shown, [t segregales three separste lines of
activity -- requirements design, components
development, and terrain/performsance resesrch, the
latter including the design, construction, and test-
ing of mobility idea vehicles. The diagrse illus-
trates thoir natural relationship, and 8 clear
division of responsibility alcng functional snd
professional lines. The prcocsed reslignment of
responsibilities would not require a sweeping
reorganization of the Army, cr of its general
developwent procsdurcs, Rather, the propossl
closely matches the current Army RID organizatior.
It envisions cmnly certain simple but fundamental
changes to assign clear respomsibilities to various
organizational eiements, and in the prdcess to
1imit the paleful iaflurnce of intercrganizstionsl
committee irresponsibility.

The first division proposed in the require-
ments design line is to place respomsiblilicy for
quantitsative, functionsl vebicls specifications
(only), to mset & nes requirement, extirsly
with za operational anslysis group
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{revuspe withia COCY, TRl grown, In "2lztimm 1o
Sff-voad pevicinrace, vould ceterzine sf (s outies
(1{ ~ycersary} waethor or not o groumd crawlisg
Bschline {5 casied for. If sc, 7 svitoas snalrels
teclniies, 12 xould cevalop an cpersticnal concept
genércily within thy sigte-o’-the-art, and spacify
the rerforeavar i teztabla engineering terms of tre
vehtcle reeled to ixplement tHiz plun., An incowplets
f11lustrstion of the type of perforssncs-te’raia
mstriz to be developed was given earlier (o Figuve
18. T>e creraticnal anslysis groun would alsc “e
responsible for the develcpment of 2a adsoluie
mininum list of sssential cdesign comatrzists -«
true saxirum velgh* srd/or dizensicns as lintted

by holticzooter 11ft, for example, msxioum production
cort {f this Nas influenced their cperetional
dezisiona, asbient astmospheric limits_ sopecisi
erivironwental problems such s3 fungus sttack or
corrosion which will be eaccuntered, etc, -~ mnd,
where appropriate, minizum armor and armazent
perScmrance features, The cperaticnel analysis
group would not cnly provide thes trstable off-rnsd
performance specifications tc which the venicle
designers would te held, bat slso be accounzable

for their sdequacy ia relstion to the fieid job to
bs done by the finished wehicle.

In the off-rosd cesign context, all envirem-
mental resesrch wovld accordinzly becoms of
iantarest prisarily to this greup., This group would
2lso equire the support of research 20 develop
reelistic oparstionsl models, to davelon valid
terrain sodels, and to develcp grenarziited paras-
petzric inforastion on the state-cf-the-art in
vehicle dasign. )
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T e cevalcoped marf{oreaace-orrein matrix,
censtratats, foncticns) festures, id the crersge
tio~2) Comzomg fene latter for §-foresticn conly)
woeuld ta forwarded to the vehicle devslopeent
agancy (A'T), vho would have scle res~onsibility
for reeting 1n an crtizum mechanics) confizuration
the testible rerformance specificaticns within t-e
given constraints, cor for refecting the job at the
outsel as btevond current techaology.

If t*e vehicle erjineers deteraine that tie
fob as presented to thew {3 feasidle, they rerxt
develcr the oniizum mechanical configuration in
mr ¢ detatled parametric and engineering design
ttudies, and proceed to Jesign and fabricate test
models with 3 mirnirum of further palaver. [f they
Jecide t-e rachine ca2lled for is bevond tha state-
of-the-art, they return their studies with thsir
znalyses t3 the cperaticns group, who asy then
efither drop the matter (as s ground.crawling
vehicle), rove the project out of the requirements
line into the RID ares, cr, upon restudy, subamit
vevised stecificaticas in the same terwss as before.

o et g o
Vo ——

[ .
-~ -

Terrain-vehicle research, elucidating the ;i
relaticonshins between measursble terrain feaxures i
and vehicle psricrzance, would bdbe conducted .
largely in suppore -¢ the mechanical design effort. E}
An es3entisl fezture of the terrain-vehicle RED, ;
curreatly jacaing, would be its active partici-
pation in :-e initiation, planning, and testing z‘
of "{dea™ sonicles, with the hoped-for resulit that b
BoPe mobii{ty ideas will become evident ia their
ranks than has been the case in the past. (7

)

Off-rosd perforzance tasting of vekicles .a ¥

the requirements line would be ceonducted at two
1
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distinct levels, 3 gow (TICCM)., The flrst rouad

of tests would be cenducisl entirely (n relastion to

the testslle performance specifications, sad woeld
detorsizs vheathar or not these had beer mst by the
dasign agency. These tests wouid aatomaticelly
chock the wvalldity sad gccurscy of the terraia-
vehicle relationsaips uvsed ia the desipa, 1If
these showed the vehicle to be satisfacrory, it

wouwld procesd to other snginsering tasts of primary

importance snd to field tcits -« glong with the
operatiosal doetrine within whieh ths ‘estadle
performance spsoificatione verse comseived, Tha
fleld tests would be ccaducted according to the
supporting doctrine and would ceterzins wvhether or
st the vehiale and dectrine met the origins’
{unctionsl requiremeat. Ia the prozess, the field
tests would check the valldity and sccurscy of the
terrzin and cperational models used,

Such & systsm could be expected to provide
faster zuid more reiladle response to sany fleld
requiTeozents for vehicles by sepsrstiag RID from
the specific requiremsats céysign line, and by
estadblishing quantitative specificstions which
linit the power of acress-tho-bosrd committoses

of changing persconel to meddls ccnstantly with
the work ia progress.

It could also ba expeciad to restore a seanss
of responsidility to vshicle development cone
tractors, who would, like *he governmest dlesigm
sgency, be uxdecr the gun to meet truly testsdle
specifications once they accepted s contract.

And it should have a sslutary effect upon all
relevant ressarch offorts. Haviasg once beem csked
the right questinns within the framework of s
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premerly fuzctizaing enginsering procelore, snd
tubseqerntiy rYoxmled ty "foeddack? frem unf:revecs
field erperiences, 3. -varticg resserch on
cporsticns, :a tsrreincrekicle relaticashios, and
ca the eav. . mwest vould te forced to o ersce {2

tasl time cu ros] [r--lems s34 to Come U Wil

el saswers, And we cculd 51l shave more

comforadly,
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The 1sdors of vexnlclie-90i] weachsnics f2r cver
L-¢717 yexrs ‘ave, ot .neivectelly, ri1,eateldiy
Poen coccerned ¥it3 weans %o rredict the perfire.
£aco cf wheals znd tires 19 s0318, The eTRYCECTNS
tave teen varied end 37, st first glssce, 'ivy t'e
results, Zach svstem nas {ts aaderents, hHowever,

suggesting, aince there i3 cnly ome reslity, that

the differences tay not be as great ss they sppesr,
Accerdingiy, it s i1astructive to derive from esci
an index of liaiting rerformance, and to compare
the results,

ST S R AP

In the following exercise, *he nomiasl unit
grouad pressure cf a tire (or wheel) i3 arbitrarily
defined ac

'!
NUGP e (pst) (111-2.1)

g

b

waers ¥; « the (sverage) jross load
carried 2 & siagle tire (1Y)

b = the undeflected tire sectica
width (ia)

T = d/2 « the undeflectsd tire
radics (1a)

————

- -
- =

——
PP

1, The FX)1ingd Hability Fector

A 8 tesult of extaasive tests during WWII, 6 a
series of guidelines for properly sizing the tires
. of military venlcles wers drawn up and j;ublizhsd by
the Enginser 2zard {Zilend, 2345), Ccasidsraticas
ia tire sizs c3l3cticn incluled normal (Ligivay)
sad low pressure (off-roed} cperaticas irecm Sota
! grownd mobility and tire econcmic visvrpoiati, Tre
concent of am cptisua load end fafiatiom for a
given 319 of tire in & givea ssrvice wvas gdivaaced,
and 3 ratic developed to express actual tira lcad-
ing ia relzatiom to the sugiested cptimm., Iz the
yesrs sizce, this ratio has bzem called ths "IXlumd
Mobility Fsctor.”
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for prosent TUTTCIES L9 ccrnlsis sYslam may
te renrgacated by tus eavusticn feor the load-Carrring
2:°2ct ¢y ~f 8 sinzle lasd-inflatice 3c¢had.is,
cataized by simple mamiiulation of tie eqgurtli- s
ctvenm bty Eliund {=dica are Lbssic o all of tl»
schaculen), a3 follows:

¥,

1.6 5(a.1151.9~

Ne 150 - 53 { - 1) (if1-1.1)

vhere dp = nemiznal ris diaeeter (isj,

For a mobility {ndex of 139, the cptinum tUre ioad-
ing (&t a correspending inflatica) i3 gilven Ly:

LA

—ar—— v taﬁ (xxl'l.:)
dr.l‘lbl-s.

or

XUGP = 3 z(%fb°-'*r§)"“':'-*’ (111-1.3)

For conventionally preportionea tires (b/d = 0.35
- 0,30; d,/d = 0.5 - 0,4} the optimum NUGP reducss
to

NUGP ~ 0,454 4933 (¢ 1.5%) (111-1.4)

liote thit riaple dimesnsional reasculag would
sugzest that a Fami.y of similar tirss would hawe
similar performarce ia heosenecus sand terrsias if
NUG? were preporiional to d, 2ad in homogousous
clay torrain if NUGP werv ccastaat, )

Over s modest Tsuye of lcadizgs sbove zad
Selos the cptimum, tie EXlummd Kobillity Factor is
approximacsly ho retio (im psrcent) of ths
optizua KJCP to the cctusl. A w»obility fadex of
less thaa 1C0 perceat Tepresemts aa overlcaded
tire. R. C. Yerr has stated (1354) that, for powered

- gheels, valus~ of the mobility fector “zre roasca-

ably close ro .omparative sctual tractive

111-2
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c2efficients 43 <y sa=8 , ., ., . 1B sud the sctual

tractive c2effizigat sooesrs to {xcresse at 8
Siphsr rate ., . . 1 Yaxve f-~ung cares in wad
wvhers r71eY rnagars guita Tesscranle as e Basis {07

correlatiag trzciiva coadficient,”

To put the izlund " .23l.%y Factor into 8 icre
ccaparsdle with tie indices Zevelcorped fa following
paregraras, t-e taverse of tLe fzcter (as & ratao,
vathsr tlan ia purcemt) may bs used, at the expense
of scoe of the srstea <(atails, zirving

M, = NUGP( E:E‘) (111-1.5)

The value of this revited =mcdility fector (Me') now

dsorecses with iwproved ;e2r:crzsnce potaat:ial, is
do all >f tie iadices f:-llowing.

2. A ¥FTS $7.Pmeg Tre fT23hilite Criteri

In sumearizing their S2-psss trafficabilicy
prediction work ia fize-graizad soils, ¥I3 i1 1356
publishsd “vo similar rzgressicna equaticas -- cn2
for uiseled vehicles z7d cne for tracked veaiclas --
for calculatizg 3 "acdility izdex™ from wailch,
usiag the curve reproduced here s Figure III-1, ke
soil strangtk requirsd by s ziven velicle to perait
it to make S3 passes in the sime ruts coold be
estizmatod, Tha soil streagth used was the "rating
cons iadsx”™ (XCI} dJeterxzinsd by the come prns-
ttcester 22d associatzd procadures T3 NG 37,
1953), The minimum valus of ratisy come iacex
reqsired by & vesaicle was tervpad the “vedicls ccas
index™ [YCI). The mcbility index equatica for
wheeled vehicles, which will be used beve, has siacs
boea sodified ia miror vays a number of times.

The latest published versica [VIEA, 1945] say be

111-3
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writilica
!"\ ~
NX-‘ e e, 0 (n") =
{ 2l C 1589 ng i3
b v ‘
x l. x f, (111-2.1;
where »ioP o the averaze NUNP consileri~g
pversge the :ross‘v'tgxt to be .iviled
svealy sxong sil tires (2si)
a - aumber of tires
a . nundber of wheels (single ov
dual)
GC = greund clesrencs (in)
and C' o 3 weight factor

®« 0,5 if GV¥ « 2000 pounds

* 0.8 Lf 2000 <GVW <4999

e 1.0 Lf S000 «<GVYW «9399

= 1,2 1f 12,000 «GYY <12,239
e 1.6 1f 20,000 < GYW <« 34,537
« 2.0 if 35,000 <GVW <49 339

1.00 otdarvise

wise

C_ = 1,05 if chains are fitted,

£ = 1,08 if LP/T « 10, 1.09 other-

ft w 1,05 1if mechenical Yrans-
missica, 1.02 if hydraulic,

Evalusting this equaticn, znd tramaslating ‘% to

VCI values via Figure Ill1-1, for s vide

rasge of

standsrd and erperimental vehicles show \hat for

practical vehicls coafigurations

VCI m 4 XUG? ¢ 14 (t m §)

I11-4

(111-2.2)
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:

3105, Frertsg and 1zight r.mmarized an
fmportant grouo of *IS slcte tasts of wheelsed
veaicles {3 (i3id szl comcitizes {o cwosile
Cufves v53ich adowed that 2-e slore rerformsace rf
six stanlard aflltary vanicles collzrsed satis-
factorily voea plottsd ca tie a_seric s,, where

1 ¥,

= (111-3.3)

g

and the sverage graiieant or slcoe of

the curve of c-me pengtrztim
resists=ce (crne {nzex) voerius
¢eoth cf ;ecetration im tie P
six iacaes of tand (39i/in)

{ = the aper--¢ ;omnqth of the statis
tiry csmtact satch et operatiag
losd ead inflatica owm 8 hard
surfsce (.a).

The fifeld vork wis Jdone witd tires of comyeniicasl
form 30 that a0 conciusicss could de Jrewa as to
the effscts of tire proporticas (»/4),

A vore recsat censolidatizm of ¥WI3 ladoretory
data frca single tire tests ia c¢ry saxd [Freitzy,
1965] successfully desonstrates 3 geccnd fors of
basic numeric for saad:

1 W, 1
—— e @ UG e {715-3.2)
» Chl"d"’l m"‘i"‘i
vhere d = the ratio of rvedial tire Jeflectica st

operstinag i:ad 234 {nflatica ca s .arg
surface (§) to tire zectica heigat,

To cospare t%s two, note that

L m0.3x 2773 1. 8777 (111-3.3)

- e v
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vhere § o radial tirs daflection msasursd
as dexore (la)
= gk
h = tire sactica bsight (ian)
- l'b fcr a givem series of tires,
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op t.t - ‘!’i.ial.’,al.i“‘.l {111-3.8)

Also, for t'e tirzs ‘ssted {3 e [leld, :a * 8.3,

Substizating (I11-3.4) fa (117-%.1) 2nd compariag
with {I1]-3.2}

I EREY

1
woans Gy vt | codrmre §

{111+3.5)
" Ty \‘U-'cl

ia orier to obtaia s 3imple perforumace iadex
froa cither of thess numerics, comeider the poiat
at xhich slope cliabing sdility or drawber pull
venishes, Comsider also thst all tires sre se
inflated &3 to procduce a ceflsctica 4 » 0,25, which
is 8 practical mxximum for veliadls slow-speed
speratica, From tas publisied dsta, tde critical
valuar of tle loading nuwerics are

v m & (corpleta vehicles (111-3.6)
ia tze tisls)
sem & (3ingle tires in the {111-3.7)

lsboratory)

Sudbstituting aad sclving fsr the correspoendiag
critical zznd strength gredionts C; sad G,

Cy = ».z;cp( 3 (511-3.3)
h.a!d.r‘,
|
Gy = KUGP (v-wd) (111-3.9)

Preftsy has chzerved tiat the field tests vere
gecerslly rma {n damp saads having soms slight
cckesive gtrength, valle tle laborstory tests ware
ia dry asad. It sdould e notasd furthe:r that the
field tosts iavolwed coxplets vehicles with twe or
three tirss trackiag cms sacther, Ia dasp sands
espacially the following tires im s rut caa be

sxpected to Jevelcp higher net thrwsts tiaa doey
the Isad tire,

131-7
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$. Teretigingre VIS Clay

-

‘tt Teaales

in his 1753 susmary of YTS tire test reswlls,
referred to 12 tte precediag psragrapss, Treitayg

also cffered 2 preliaisary ccasolidation

2 thae

results of extessive ladorstory tasstl fa a remclled
fat Clay at soversl strexgths -a 8 wide vyage eof

tire sizes 2nd shapes,

Although al) questicss were

pot casweted, his preliminsry saalyses showed tiat
the seversl facets of sixgle tire perforrsars
collaysed well on the basis of & load aumeric L

where

The vajue of v

1 Lk Sy S

il . |
c Cibvdate? éN\TTav s,

(111-4.1)

at vhich drawdar pull vezisded

spoeared to be chout 2.3 from wkich, takiag A oace
mnre sy .15, the critical valae of b § sy be
solved for cnd used 33 & simple pariormance iadex:

Clepqe ® 2.5 XUGP

(113-4.2)

S. Tvelixi-ary Frryt-Paag Trafficadility Criterian

During 1563-1964 a3 izdependznt program vas
ceaducted with a aumber cf vehicles a fleld soils
in crier to ex2exd the YLS S0-pass trafflcability
¢satact crediction rethods ia fice-zraized soils
to the predictica of flirst-rass go or no-3w
trafficability {ia the same sails [TIRE, 1235).

The conclusicons of tiis preliminary vork were taat
the average ratiag coae ladex required to jast
yornit a single, strcight, wnaccolerzted pass ca
level soil (= ¥CI,, by dsfiaition) vus givea for
whoeled vehicles by

e wt ae ampmeme

e e e

- ——rv———

. e - o~
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i

i Y21, = 3 P ¢ 3 (111-5.1%) :
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Corrslatizry grd 2nalyses ¢ l:dorstsry tests

Yy the iritisa FOUOOC on wheels ia clzy soils Rave

2
boen ronorted by Uffgimann {17411, For rectamyuiar ; *
ssctica riz:d waeels, sinkage (1) wes found t9 é
follsw the ex>ressics prorosed sarllier by Crockar i
[1955) in & brief zamivtical study of tle probles
ia the light of besic plesticity theory:
b 111-6.3)
P -b.3 {
ery (1i1-6-1 ;
: where Q = s uniform pressare over
' the arc of contact with
. the sci), idantified with
! the surfste strip losd
. besring c2pacity of the
soil irsa),
l‘ L B e
Letting e X — (111-6.2)
This may usefully be written 1
1 2. (3.1)‘ (111-6.3)
i d L'}
) ‘ ‘ Measured rolling resisteznce (R) ws3 foumd to cor- @
' relals well at low speeds and vp to zinkages of
! 3/d m G.1 with the corresponding anslytical
' expressicn dsrived oa the sssumption that the

resistazce {3 due entirely to work of cowsression
ca the soil:

X e qb * cdd (fi‘-)’ (111-6.¢)

7 AR ATES MR

Finally, tractiom, itmeindiny side wall trestionm,
was found to sgree reasongbly witk calculatioms
from the gizple snalytical mudol:

YT mc 738 (b ¢ 1)
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I\ fa\y]
: Trmoed |- 22({4"
of ~C (\Q/~ . (Q/.’

. (113-4.3)

where ¢ ® 301l ccaeston (n3f).

Let2ing q = ¥, - ¢ {111-6.%)

where N, {3 t'c barring capecity ccostant
for s vough strip f{ratiaz, s3sumed to vary {rca
$.7 ot the surfsco to> 7.5 at Jaep sinks3e
(/5 » 2.56), aad ecaustiag T sad R, cricical valges
of tcdesica for vhich resistance exceeds traciiom
srs givea by

N,. - u"‘\a »
NUGP -

) iNg }S:crlt.f
RS
N. * dd_ 2.3ic/D)
< NUGP ym

-

j {I111-6.7)

Tho lower limit i3 of no practical interest ia t>e
present context bscsuse, in such veak soils, even
though trartion is theoretically availeble sinks;o
will be excessive. The equations iandicate that
side wall traction will effectively prevent trectioa
fajlure in relstively narrow wheels

% < ‘.;’-. (0.25-0.18, carenc-

ing oa 1) (111-¢.3)

regardless of losdaag.® In this cose, a sinkazs
criterion sust control. [f, t0 be Zomsistent with
the constraints of ths znalysis, 3/d = 1/9 te tiksa
arbitrarily a: the uvpper 1imit of alicesdls sinkiago,
then

1.3
Copte.s = MCP (’f;’) (131-8.9)

®Thi{s may merely Ve a result of s.implifications
sade 1a the s3alyses to fanilitate 3irple zathe-
maticse) treatrent.
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Tha tTcti.® critarion viis ,.ve™ for tired kav- g
b/d 123102 aseove 0,050 12 Gl (Jevending om K., .
L.e., ot all norzel (879 3 1tes im carrent .3e. @D
Xots i%st witSout sile wall tractice ®
N \1\\ .
T mcrd (~;/ (f11-5.12 &

In tids case, tosctizn fail.re i3 slwsys possible,
and will zcatiol, The critical value of ssil
cohesicn is zpproxizately caa-half the &bove vri.:3: ®

c",“".r » 0.5 NUGP (IIr-6.4i1)

For use ¢s icdices, 3nd with some Joss in theo-
Tetical power, equaticns (il[-8.7) sad (I11-4.9) =z~

be evaluated for sa sviitrsry value oi Ny * 5.7 °
1 e /19.251370) o
h: - 5.1
€orie,s ” (hifer 2 . (i1 )

or, for 8/d <« 0.2%,

Ceett.s ® 0.254 KUC?P (111-2.13) ®

7. The LLL Sell Valum System and Vehicle V4.isl

Use of the LLL soil vsiue system erd vehicls
snodel 7s 8 potential cesign tool has lheea cimca- ® ®
stvatsd 8 npumber of tioes [.larrison et sl., 1533,
19%9; YHEA, 19685; etc.}. The LLL soil vajus systam
EesurTes tuo sets Oof soil parzmetesrs, 0ae relatsd o
sinkags (X, n, etc.) znd the other to dirsct shear
resctions (c, ¢, etc.), usiag & serics cof plste »
Fenatratica rests ard a acrzslly losdsd saauler shaar
v3ge, rospastively. The tvo sets cf paremewtsy:r o°
treoatsd as jadependeat. The seil-vehicle msusl x:»
been levelcpad in several Cegrees of complexity to
incoryorcte 2llowances for s zumber of detailed ®

11111
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trees of Yerayier., Tiene refizecents are largely
uaverif.z i exverimentelly, Soverver, ¢33 it i3

scéesuate fOor present rurTeses £ Ltillza (e
uneleborated model. For tires in clsy anad sile
soils, this gives
0.8 | [l
g e [VUC’ (i__i}{!;i.léa'l
VAR LTS
The moticn resistance srising from 39il compactiom
(1.e., neglecting 'bulldesing resistance™) i3

(111-7.1)

bX asl

* 2= v 3 (111-7.23
nel
Tracti-a, sssuming sdequste tread to develcoy soil-

to-so01l shear failure, is assuzed to Le given Uy

Trmchb 733 * ¥, tan o (111-7.3)

vhere tan ¢ « coparent zagle of iaternal
friction of the soil.

The soil properties at which R = T may, as beicre,

Le used as indices of limiting soft-soil perforsancs.
By fizing values for n ~. sard ¢ 20 represent classes
of sofls, it is possibly to reducs tha problex to
that of finding & critical sminicum vsiue of the so0il
*amsistency parapstsr "X." Because of the sevsr:l
independent variadbles iavolved, it i3 conveniaat to
develop expressions for "!cti‘” for speciilc soils.
Consider for sxample a ssndy losaa: n = (0,3,

€e® (.5, tan ¢ = 0.3]1. The assignmeat of "n" rives

9.9 vug
- 0.6 4 > Lo 4 (111-7.4)

Thus, on s sinksge basis, arbitrarily tak ng
3/d » 0.3 as tks practical sizkage limit:

-

-

e

-rn thass = e ewa W e e
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1
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Xy en.s = WCP (i""" (111-7.5)
111-12
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Also,
R 3,82 vrTead

z° ST (111-7.%)

For 9 »3s xsd sandy lozz

VERR 4 H1-7.7)
" - Nuod Y LD geeed *1 ( XD
Ths last two eziaticns tozether give
4 1y f; 3 .
‘cl‘l%.'.' ® E hoG? (1 - m) (111-7.%)

The sinkage criterion will goversn for all casos

™

except vhem MUG? « 4,85 psi.

For clay 30ils, sssune na @ 0.5 and tan ¢ » 0,
Then t saad R are as before (eq. II1-7.4 aad II1-7.3)
and

TR I I LY i

Equating R/9 (I11-7.6) and T/¥ (111-7.5), the sail
coasistency K drops out snd the miniaum value of
cohesion may be solved for

(111-7.3)

s 0.4 NUGP (I11-7.13)

cortt.?

The sinkace critericn is the same a3 for the saagy
loam (I11-7.5). In order to determine whers e2ch
critericn governs, assune that st sinkage s/b e 2.35,
p*T7.5c¢c. Then, from ths basic dafining LLL system
equaticn p = K32, remembsring that n has been tiken

as 0.5,
I11-7.11)

Thisz, tsken with (I11-7.10) and II11-7.5) indicstes
that the tractioa critericn (I11-7.10) will costrol
for tires vhere b/d « 0.88.
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Yhen tue procedure {9 rerssted for s wmifors, {at
Clay 33 which »n % G, the snglysis becomes {lentical
to the }vRCE sauliysis, without side wal!l trascti:m,
sad the cratical valus of cchesion {3

ccrtt.? = 0.530 KU2 (1rr-r.:2

wvhich governs in all cases,

§, An Aside

In sectioa 2 of this zppendix, the WES equatica
for cslculsating the $0-pass erefficabiliLy requirm-
ments of vheejed venicles in fipe-grained soils was
simplified, at the expense of some precisioa, to

VCK' » 4 NUG? ¢ 14 (111-2.3)

Similar mistreatment of the corresponding equstica
fo. tracked vehicles [see VMEA, 1255] leads to the
followiag approximste eqlLition for s range of
existing trascked vehicles:

VCX‘ ~ 4 NUGP + 16 {111-8.1)

Tde preliainary equation for the vehicls cone injex
of wheeled vehicles required to permit s single
pass is givea ia secticn $ a»

VCI, = 3 NUGP + 3 (111-5.3)

*
The correspondiag preliminary equatica for tricked
vehiclss from the same scurce [WNRE, 196%3) is

VCI, . = 33UC? + 6 (111-3.2)
14

Consider now a tracked and a wheeled vehicle
having equal 50-pass trafficability requirensats
(¥CI) according to equatiocas 111-2.2 and 111-3.1:

-

g e - e

- s n e o e et e b dihdn o b ettt . ot St e e«

151.14
PRIy - -
, .o .
- -
-
- ’ - s, oo
o L
- e
N — - -
. AR
s - . - PR
-y @ Vo
. v o~ PR e s : [ [




e o T p— - - -t

EEERE e A LI I+ S
or WUCP, = BUTP, 9.8 (115-8.3)

Sinilarly, J.r ecual cxe prss recciremeats (Y01,),
from equaiisms I11-5.1 ¢d 111-8.2:

NG e TP e L (111-3.4)

Thus T eprears that for the same besic soft-groumd
crossing adility, tze nominal uvait grousd pressure
of & vehicle ca tirus (&3 cdefinsd ia eq, [I11-0.1)

vay te 0.5 to 1 ;si grestsr than that of & cowpseradle
tracked vehicle, a5 norxally defined,
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